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SYSTEMS AND METHODS FOR ENHANCING PERFORMANCE OF A COPROCESSOR 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] This application claims the benefit of U.S. Provisional Application No. 60/448,402, 
filed February 18, 2003, entitled "GPU Scheduler Overview;" U.S. Provisional Application 
No. 60/448,399, filed February 18, 2003, entitled "Video Memory Management Architecture 
Specification;" U.S. Provisional Application No. 60/448,440, filed February 18, 2003, entitled 
"Video Memory Management Rectangular Heap;" and U.S. Provisional Application 
No. 60/474,513, filed May 29, 2003, entitled "Multithreaded Kernel for GPU." 

[0002] This application is related to co-pending U.S. Application No. , 

filed on even date herewith, entitled "Multithreaded Kernel for Graphics Processing Unit," and 
identified by Attorney Docket No. MSFT 2857 (304862.02). 

FIELD OF THE INVENTION 

[0003] The present invention relates to computer processors, and more particularly to 
hardware and software for scheduling processing of coprocessors. 

BACKGROUND OF THE INVENTION 

[0004] Many computer systems now include coprocessors, for example, graphics 
processing units (GPUs). In some cases, a coprocessor may reside on the system's motherboard 
with a central processing unit (CPU), such as a microprocessor, and in other systems a coprocessor 
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may reside on a separate graphics card. A coprocessor often accesses supplemental memory, for 
example, video memory, in performing its processing tasks. Current coprocessors are often 
optimized to perform three-dimensional graphics calculations to support applications such as games 
and computer aided design (CAD). While current computer systems and coprocessors perform 
adequately when running a single graphically intensive application, they may experience problems 
when running multiple graphically intensive applications. 

[0005] One reason for this is the typical coprocessor's inability to efficiently schedule its 
workload. Current coprocessors typically implement cooperative multitasking, which is a type of 
multitasking wherein an application currently controlling the coprocessor must relinquish control to 
other applications. If the application fails to relinquish control, it can effectively "hog" a 
coprocessor. While this has not been a significant concern when running a single graphically 
intensive program, the problem of hogging the coprocessor can become more serious when multiple 
applications attempt to use a coprocessor. 

[0006] While the problem of apportioning processing between operations has been 
addressed in the context of a CPU, where sophisticated scheduling of multiple operations has 
become necessary, scheduling in coprocessors has not been effectively addressed. This is because 
the coprocessor, in present day systems, is generally seen as a resource to divert calculation-heavy 
and time consuming operations away from the CPU, providing the CPU with more processing time 
for other functions. Such calculation-heavy operations are often graphics operations, which are 
known to require significant processing power. 

[0007] One problem that arises if tasks are scheduled for a coprocessor is the possibility of 
coprocessor "starvation." Starvation occurs when the coprocessor is not busy, and therefore 
processing resources of a computer system are not being used effectively. For this and other 
reasons, systems and methods for enhancing the performance of a coprocessor by minimizing 
coprocessor starvation, as well as allowing for other scheduling efficiencies, are desired. 

SUMMARY OF THE INVENTION 

[0008] This invention provides various techniques, that can be used in tandem or 
individually, for minimizing coprocessor "starvation," and for effectively scheduling the processing 
in a coprocessor for greater efficiency and power. In this regard, a run list is provided by a Central 
Processing unit ("CPU") allowing a coprocessor to switch immediately, on the occurrence of a 
switching event such as a page fault or task completion, from one task to the next, without waiting 
for CPU intervention. In addition to the run list, a method called "surface faulting" allows a 
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coprocessor to fault at the beginning of a large task, such as rendering a surface, rather than 
somewhere in the middle of the surface after significant processing resources have been spent. 
Further, DMA control instructions, namely a "fence," a "trap" and a "enable/disable context 
switching," are provided that can be inserted into a processing stream to cause a coprocessor to 
perform tasks that enhance coprocessor efficiency and power. These instructions can also be used to 
build high-level synchronization objects, as will be described in greater detail below. Finally, a 
"flip" technique is described that can switch a base reference for a display from one location to 
another, thereby changing the entire display surface. Situations where these techniques can be 
beneficially employed, in addition to further description of these and other aspects of the invention, 
are provided below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] The patent or application file contains at least one drawing executed in color. 
Copies of this patent or patent application publication with color drawings will be provided by the 
Office upon request and payment of the necessary fee. 

[0010] FIG. 1 is a conceptual illustration of a prior art approach to scheduling processing 
for a coprocessor. 

[0011] FIG. 2 is an exemplary illustration of a coprocessor scheduling improvement in 
accordance with the present invention. 

[0012] FIG. 3 is a more detailed illustration of the computing components involved in 
providing the scheduling improvement illustrated conceptually in Figure 2. 

[0013] FIG. 4(A) and FIG. 4(B) are pseudocode algorithms that demonstrate various non- 
limiting possible ways to combine the steps of Figure 3 into a functional sequence. 

[0014] FIG. 5 illustrates how a scheduler may use provided information to define a 
timeline for memory resources used in a Direct Memory Access (DMA) buffer in accordance with 
the invention. 

[0015] FIG. 6 is an algorithm illustrating the dynamic between a preparation worker. thread 
and a supplemental memory manager in accordance with the invention. 

[0016] FIG. 7 is an exemplary illustration of the preparation of a paging buffer that shows 
a worker thread preparing the paging buffer and handling CPU preprocessing for the paging buffer 
in accordance with the invention. 

[0017] FIG. 8 is an algorithm representing a chain of events that may take place in a 
worker thread including the handling of a fence in a paging buffer in accordance with the invention. 
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[0018] FIG. 9 illustrates a supplemental memory manager "VidMm" in kernel mode that 
can provide a virtual address space for coprocessor contexts, and can manage physical memory 
among various coprocessor contexts so they can get their fair share of memory. 

[0019] FIG. 10 illustrates a basic scheduling model in accordance with the present 
invention. 

[0020] FIG. 11 illustrates an advanced scheduling model in accordance with the present 
invention. 

[0021] FIG. 12(A) and FIG. 12(B) provide an exemplary representation of a sequence of 
actions capable of implementing the advanced scheduling model. 

[0022] FIG. 13 illustrates the use of the present invention in conjunction with a variable 
length flat pate table. 

[0023] FIG. 14 illustrates the use of the present invention in conjunction with a multi-level 
page table. 

[0024] FIG. 15 is an illustration of exemplary processes maintained by the scheduler in 
connection with an advanced scheduling model that supports surface-level faulting. 

[0025] FIG. 16 is an illustration of multiple contexts, each with its own DMA ring, that 
can be processed simultaneously when surface-level faulting is implemented in conjunction with the 
present invention. 

[0026] FIG. 17(A), FIG. 17(B), and FIG. 17(C) provide a pseudocode algorithm 
describing the operation of the invention in conjunction with the components of Figure 16, including 
various additional features that may prove useful. 

[0027] FIG. 18 is a diagram conceptually representing the use of a run list in accordance 
with the present invention. 

[0028] FIG. 19 illustrates the operation of hardware that can write a context switch history 
to a specified system memory location readable by the scheduler for use in conjunction with the 
present invention. 

[0029] FIG. 20 illustrates a hardware approach to supporting privileged DMA channels by 
inserting privileged commands directly into a coprocessor context ring. 

[0030] FIG. 21 illustrates an approach for supporting limited versus privileged DMA 
buffers in the coprocessor wherein a bit in the indirection command is inserted into a ring buffer. 

[0031] FIG. 22 provides a way to query a coprocessor about a current display surface. 

[0032] FIG. 23 is a preferred approach for queuing flips when immediate flips are used in 
conjunction with the present invention. 
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[0033] FIG. 24 is an exemplary technique for synchronizing access to resources to ensure 
that two or more processors can use valid content while rendering. 

[0034] FIG. 25 illustrates various embodiments of an event history buffer. 

[0035] FIG. 26 illustrates a preferred method to support per-coprocessor context virtual 
address spaces which uses a PCI aperture that can be redirected anywhere in supplemental memory. 

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

[0036] Several of the improvements accomplished by the present invention can be 
conceptually illustrated through a comparison of FIG. 1 and FIG. 2. FIG. 1 represents a typical 
prior art approach to task scheduling for a coprocessor. A buffer is provided which can be accessed 
by various applications, e.g.,, Application 1, Application 2, and Application 3. The applications can 
load tasks for the coprocessor into a buffer, and those tasks can be processed by the coprocessor 
after previously submitted tasks are completed. As illustrated, this approach leaves open a potential 
"hogging" of the coprocessor. In FIG. 1, App. 1 is hogging the coprocessor. App. 1 has requested 
that the coprocessor work on seven tasks, while the other two applications combined have requested 
work on only three tasks. In situations like these where multiple applications need the coprocessor, 
a system such as that provided by FIG. 2 may provide improved functionality. 

[0037] FIG. 2 illustrates a system and method, in accordance with the present invention, 
whereby each application, e.g., Application 1, Application 2, and Application 3 can maintain its own 
buffer, namely, the "first buffers" of FIG, 2. These buffers (which will later be referred to as 
"command buffers") are submitted to a scheduling process that can determine when the various 
tasks will be delivered to the coprocessor. As illustrated in FIG. 2, the scheduling process has, in 
this case, inserted tasks into "second buffers." For simplicity, the "second buffers" of FIG. 2 have 
been illustrated as a single buffer. In practice, however, several buffers may be required to carry out 
the function of the "second buffers" in FIG. 2. The second buffers of FIG. 2 have divided tasks for 
delivery to the coprocessor such that Application 1 can no longer hog coprocessor resources. The 
scheduling process has allowed Application 1 a first task on the coprocessor, then Application 2, 
then Application 3, and then Application 1 again, etc. 

[0038] While implementation of the system and method illustrated conceptually in FIG. 2 
is more complex than FIG. 2 demonstrates, the improvements disclosed herein are generally 
directed towards supporting the basic concept as illustrated in FIG. 2. Turning now to a more 
detailed description of embodiments of the invention, the following term definitions are provided for 
easy reference: 



-5- 



MSFT 3008/304862.03 

[0039] Command buffer - A buffer built by a user mode driver. This buffer may be a 
regular pageable memory allocated in the context of the rendering application. 

[0040] DMA buffer - "Direct Memory Access" buffer. A buffer built by a kernel mode 
driver. This buffer may be based on the content of a command buffer. It is, in general, allocated 
from a kernel pageable memory and only visible to the kernel. In this regard, pages may lock and 
map through an aperture before the coprocessor can read from it. 

[0041] Paging buffer - A buffer built by a kernel mode driver. This buffer can be used to 
page in, evict, and move memory resources needed for a particular DMA buffer. Paging buffers 
may be configured to run immediately prior to their DMA buffer counterpart. 

[0042] Ring buffer - This is a coprocessor-context— specific buffer. Directions to DMA 
buffers may be inserted into this buffer. In this regard, a coprocessor can fetch commands to 
execute from such a ring buffer. A ring buffer generally contains redirection instructions that 
instruct the coprocessor to start reading commands from a DMA buffer and then return to the ring 
buffer once the DMA buffer has been completely processed. 

[0043] Supplemental memory - Memory that is generally dedicated for use by a 
coprocessor and need not be part of the physical system memory. It may be, for example, local 
video memory that resides on a graphics card. It may also other coprocessor-readable memory, such 
as memory mapped through a system memory aperture. This memory typically does not exist in 
integrated or UMA graphics devices. This memory is not accessed via a GART like page table 
based aperture 

[0044] System memory aperture - This is a subset of physical system memory. It may be 
visible to the coprocessor via a GART-like page table based aperture. The CPU may be able to 
access the physical system memory independent of the system memory aperture. Some examples 
that are conceptually similar are Accelerated Graphics Port ("AGP") memory, Peripheral 
Component Interconnect ("PCI") Express memory or Unified Memory Architecture ("UMA") 
memory when such memory is accessed via an aperture. 

[0045] A more detailed view of various embodiments of the invention may be found in 
FIG. 3. FIG. 3 provides a schematic diagram of the various software and hardware objects that may 
be combined to provide the function demonstrated conceptually in FIG. 2. FIG. 3 presents a series 
of sequential steps that will be described below. The steps are presented sequentially for the 
purpose of clearly explaining and enabling the invention, and should not be construed as presenting 
a required sequence for practicing the invention. The order may be varied in accordance with 
known or future developed practices in the art. The following discussion will begin with an 
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overview of the systems and methods of FIG. 3, and proceeds to a more detailed discussion of some 
aspects of FIG. 3. 

[0046] FIG. 3, step 1 represents an application call to an Application Program Interface 
("API"). An application can be any set of files that make up software for the user. An API is 
typically a language and message format used by an application to communicate with an operating 
system kernel, but also refers to such a format for communication with other control programs such 
as database management systems (DBMS) or communications protocols. One exemplary API for 
use in conjunction with the present invention is the Direct3D Runtime API developed by 
MICROSOFT®. 

[0047] Step 2 represents a call from an API to a user mode driver. The user mode driver, 
generally, is a program routine (or hardware) that can link a software system (often an operating 
system) to a peripheral subroutine, which can be either software or hardware. Here, the user mode 
driver receives calls from the API that can contain API parameters corresponding to the original call 
from step 1. Step 3 represents the accumulation of rendering commands, as generated by a user 
mode driver, in a command buffer. A buffer is a region of memory reserved for use as an 
intermediate repository. Data can be temporarily held in a buffer while waiting to be transferred 
between two locations, such as a data area and a processor or coprocessor for processing. The 
particulars of command buffer content, as generated by the user mode driver, can be chosen to 
facilitate translation into a hardware specific DMA buffer, as described further below. Also, it may 
be useful, in defining a command buffer, to omit direct memory references to memory resources, 
such as "texture" or "vertex buffer." Instead, Independent Hardware Vendors ("IHVs") may define 
command buffers that optionally contain handles, such that a kernel interface may provide memory 
references to a command buffer at the time such memory resources are created. 

[0048] Step 4 represents the flushing of the command buffer. "Flushing" simply refers to 
emptying it of the accumulated rendering commands. The rendering commands may be sent back to 
the API, as illustrated, for the purpose of delivering them to a coprocessor kernel as demonstrated in 
FIG. 3. Flushing may occur for any reason, including but not limited to flushing because the 
command buffer is full and requires more space for incoming rendering commands, and existence of 
high priority rendering commands in the command buffer that require immediate processing. 

[0049] Step 5 represents flushing accumulated command buffers by the API to the 
coprocessor kernel. A kernel is generally known as the core part of an operating system, the portion 
that optionally manages memory, files, and peripheral devices, and may also launch applications and 
allocate system resources. It will be appreciated that a coprocessor kernel can be any type of kernel, 
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including the primary system kernel, or a separate, coprocessor specific kernel, or, for example, a 
specific type of kernel such as a MICROSOFT ® DirectX Kernel ("DXG"). 

[0050] Step 6 represents the submission of the command buffer to a kernel mode driver, 
coprocessor kernel. The coprocessor kernel can direct the command buffer to a kernel mode driver. 
The kernel mode driver may generally be a driver, as described above with reference to the user 
mode driver, except that the kernel mode driver can operate in kernel mode, as its name suggests. In 
this regard, a kernel mode driver can be responsible for translating a command buffer into a DMA 
buffer. IHVs may consider providing the appropriate mechanisms to ensure proper validation and 
copying of command buffers into kernel mode allocated DMA buffers. DMA buffers may be 
hardware-specific, in that they are collections of commands ultimately destined for a coprocessor 
and therefore should properly interface with the coprocessor and supporting hardware. 

[0051] Notice the horizontal line across FIG. 3 that separates user mode and kernel mode. 
As the line suggests, the invention can operate within the traditional layout of computer memory 
allocation, which is implemented for security of the system. The user mode is non-privileged 
memory, and can be accessed by applications. The kernel mode, on the other hand, is privileged and 
cannot be accessed by applications. While a kernel mode allocated DMA buffer can theoretically be 
mapped into any memory space, but it should be kept in mind that mapping into the private process 
space of applications can lead to security risks. This is because the content of any virtual address 
referred to by threads in an application's private process space can be modified; in other words the 
content of the DMA buffer could be modified between the time it is validated and the time it is 
processed by the hardware. 

[0052] As step 7 indicates, the kernel mode driver may also build a list of the memory 
resources to be used by the DMA buffer. This may be accomplished as part of the validation of the 
command buffer. The list could contain, for example, a kernel handle for the various memory 
resources on the list, and a buffer location where memory resources are referenced. This list may 
also include an expected context state for the listed memory resources. This allows the memory 
resources that are part of any current hardware state (e.g., "current render target," "current z-buffer," 
and the like) to be part of the list to be reprogrammed at the beginning of the DMA buffer, since 
they may have changed location since the last DMA buffer that was submitted to a coprocessor. 

[0053] Step 8 represents sending a DMA buffer, along with any memory resources list, to a 
coprocessor kernel. The coprocessor kernel may then submit the DMA buffer to a coprocessor 
scheduler, as shown in step 9, and return to user mode, as in step 10. 
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[0054] A coprocessor scheduler is generally responsible for scheduling the flow of tasks 
for the coprocessor (as embodied in various DMA buffers and other work sent to the coprocessor). 
The functionality of the coprocessor scheduler is potentially very broad, and this description 
contains many potential functions that the coprocessor scheduler may perform. The coprocessor 
scheduler may be referred to as either a coprocessor scheduler or simply as a scheduler. In various 
embodiments, as shown in FIG. 3, the scheduler may perform one or more functions prior to 
submitting the DMA buffer to a coprocessor. Step 11a dynamically illustrates that one function of 
the scheduler is to submit DMA buffers that are ready for processing. 

[00551 Step 1 lb represents selection of a DMA buffer that the scheduler determines either 
to add to a list of prepared DMA buffers or to run next. In this regard, the scheduler can pass the 
DMA buffer to a preparation thread. A preparation thread, as the term is used here, generally 
provides the function of ensuring that the proper memory resources are on hand for processing the 
DMA buffer. First, the preparation thread may call a supplemental memory manager process (not 
shown) to determine a sufficient location in which to page all required memory objects (in the 
graphics context, "surfaces") that are not currently in supplemental memory (this is step 12). Note 
that the term "supplemental memory" refers to memory that is allocated for use by the coprocessor; 
in the case of a GPU coprocessor, supplemental memory is often referred to as "video memory." 

[0056] It is possible that not all the memory resources required by a DMA buffer will fit 
into available supplemental memory at once. The supplemental memory manager can fail to bring 
all the surfaces in supplemental memory at this point for diverse reasons. If this should occur, some 
further processing may be done to make more room in supplemental memory, or, alternatively or in 
combination with making more room, the DMA buffer can be split into multiple fragments. In this 
case, the preparation thread can use a driver pre-defined split point to split the buffer and attempt to 
locate the subset of memory resources needed by this smaller DMA buffer. 

[0057] Once sufficient supplemental memory has been located for the DMA buffer, the 
preparation thread can call a kernel mode driver, as illustrated by step 13. This may be the kernel 
mode driver mentioned in conjunction with steps 6, 7, and 8, or it can be a separate kernel mode 
driver, as will be appreciated by those of skill in the art. 

[0058] Step 14 illustrates that the kernel mode driver can build a paging buffer for the 
DMA buffer awaiting processing. The kernel mode driver may build this paging buffer based on 
processing commands from the preparation thread. A paging buffer is a buffer, as defined above, 
for the purpose of paging memory resources. "Paging" refers to changing the physical address of a 
block of memory (a page) using mapping hardware. A paging buffer, generally speaking, is a DMA 

-9- 



MSFT 3008/304862.03 

buffer that contains coprocessor instructions to move memory resources to their assigned location. 
The paging buffer serves the function of bringing any memory resources required by a DMA buffer 
to a correct memory location, from which those resources can be accessed by the coprocessor when 
needed. If a paging buffer is properly generated, the location of any requisite memory resources for 
a particular coprocessor task( i.e., a DMA buffer) is known. 

[0059] Step 15 represents notification to a preparation thread that a paging buffer has been 
generated. Step 16 represents a signal to the scheduler that a paging buffer is ready. The scheduler 
may at this point assume that a next DMA buffer is ready for processing, or it may go on to conduct 
further preparation operations on a DMA buffer prior to sending it to a coprocessor for processing. 
For example, since memory locations may have changed since the creation of the original DMA 
buffer, the scheduler may at this point call into the kernel mode driver once again to allow it to patch 
the DMA buffer with the actual location of memory resources. Finally, the scheduler may submit 
both the paging buffer (if it exists) and the DMA buffer to the coprocessor (and any other auxiliary 
hardware) to be processed. 

[0060] Steps 1 through 16 as described above can be implemented through hardware, 
software, and a combination thereof. In this regard, FIG. 4(A) and 4(B) generally illustrate the steps 
of FIG, 3 in the form of a pseudo algorithm. FIGS. 4(A) and 4(B) are not an exhaustive list of the 
potential pseudo algorithm steps that may be practiced in connection with this invention, and it 
should not be construed that each and every step in FIGS. 4(A) and 4(B) are necessary to practice 
the invention. Instead, FIGS. 4(A) and 4(B) are a suggestive list for the purposes of teaching the 
invention. 

[0061] The above discussion provided in connection with FIG. 3 is a description of 
various embodiments of the invention. Multiple advancements have been discovered, however, in 
connection with the implementation of the invention as described above. The remainder of this 
description is for the purpose of enabling the various improvements and overcoming difficulties that 
may arise in practicing the invention. 

A SCHEDULING CONSIDERATION 

[0062] Some or all of the operations defined previously (see steps 1-16, above) may occur 
before a DMA buffer is submitted to the hardware. However, some of these operations may be 
difficult to perform until the DMA buffer is submitted to the hardware. For example, the location of 
memory resources may be difficult to determine until the instant before a DMA buffer is to be 
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submitted to the coprocessor. This is because supplemental memory resources could be moved with 
each DMA buffer as it is run on the coprocessor. 

[0063] Some of the operations encompassed by steps 1-16, above, may be time consuming 
and thus can not be done at an interrupt time, for example after the scheduler picks which task to run 
next. Similarly, precisely because they are time consuming, it would be beneficial to execute them 
on the central processing unit ("CPU") while the coprocessor is busy doing other things. This is to 
minimize coprocessor starvation. Coprocessor starvation merely refers to time spent in which the 
coprocessor is not performing processing functions. In response to this problem, it may be 
beneficial to utilize a "worker thread" in conjunction with the scheduler. A worker thread can 
perform the function of helping to handle some of the time consuming setup work. A worker thread 
was added into to pseudo algorithm of FIG. 4(B) for and example of its operation in connection 
with the other processes of the invention. 

[0064] Further to this scheduling consideration, note that at any given time in the system of 
FIG. 3, there may be a running DMA buffer (i.e., a DMA buffer currently being processed by the 
coprocessor), a DMA buffer being prepared, and a list of DMA buffers that are ready to be prepared. 
New DMA buffers, on submission to the scheduler, can be inserted in the ready queue and ordered 
appropriately depending on their priority. However, various embodiments of the invention may 
increase functionality if a new DMA buffer, on submission to the scheduler, can not preempt the 
DMA buffer that was selected as next task for the coprocessor. The reason for this is that preparing 
a DMA buffer might involve paging memory resources in and out of supplemental memory. 
Therefore preemption of the next DMA buffer selected for processing could result in changes to the 
persistent state of the supplemental memory manager. If the task being prepared could be 
preempted, it could result in undoing changes that were made to the persistent state of the 
supplemental memory manager, due to the preparation of the newly elected DMA buffer. Undoing 
changes to supplemental memory halfway through operation on a DMA buffer task may not be 
trivial, and can lead to potentially more frequent coprocessor starvation. 

SPLITTING A DMA BUFFER 

[0065] When a command buffer is submitted to a coprocessor kernel by an API, the kernel 
mode driver may then be charged with generating a hardware specific DMA buffer and a list of 
memory resources that is needed to run that DMA buffer. While particular DMA buffer formats 
may be defined by the IHVs, software providers may find themselves with the task of defining the 
format of the resources list for the kernel mode driver. 
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[0066] The memory resources list can provide timeline information about the different 
memory resources that may be used by the DMA buffer. The scheduler, in turn, can use the 
memory resources list to page in any required memory resources before the DMA buffer is run on 
the coprocessor, and if necessary to split the DMA buffer, such as when a DMA buffer uses too 
many resources at once. 

[0067] If DMA buffers are to be split by a scheduler, the kernel mode driver may facilitate 
this by providing timeline information in the memory resources list. This can be done by allowing 
the driver to specify an "offset" within a DMA buffer. An offset may be set when a memory 
resource is being programmed by inserting a memory resource identifier specifying the usage of the 
memory resource at the offset. Since memory resources can appear more than once in a DMA 
buffer, the same memory resources may appear multiple times in a memory resource list. Each 
reference to a memory resource in a DMA buffer will add one entry to the resource list. 

[0068] In itself, that handle/offset list may not be enough to give a scheduler sufficient 
information about the memory resources that it needs to split a DMA buffer. In order to know 
precisely when a particular memory resource is needed in a DMA buffer, the scheduler may also 
require information regarding when a memory resource is replaced by another resource. For 
example, a first texture, texture A, could be involved at the beginning of a DMA buffer in a first 
texture stage, replaced by a second texture, texture B, in the middle, and then returning to texture A 
at the end of the DMA buffer. The scheduler can use this additional information to split the DMA 
buffer in chunks that will use less memory resources. However, in the scenario described above, 
texture B could also have been programmed in the first texture stage, in which case it would have 
been used at the same time as texture A, and should not be split into a separate subset of the DMA 
buffer. 

[0069] To achieve the "finer grain" temporal information needed to split DMA buffers in 
the sophisticated way described above, a scheduler may utilize information about the usage of 
memory resources throughout the DMA buffer. This can be achieved, in one embodiment, when the 
kernel mode driver provides a resource identifier for each entry in the memory resource list. A 
resource identifier is simply an integer value that represents how a particular memory resource is 
going to be used. For example, a value of 0 could indicate that a memory resource is being used as a 
render target while a value of 1 would indicate that a resource is being used as a z-buffer. With this 
information, the scheduler can determine if texture B is replacing texture A {e.g., if both have the 
same resource identifier) or being if texture B is to be used at the same time as texture A (e.g., A and 
B have different resource identifiers). The actual value for the resource identifier and their meaning 
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can be defined by an IHV, or provided in the software architecture. It could be useful to ensure that 
the values used as resource identifiers are zero based, and for the driver to specify the maximum 
recourse identifier value it will use at driver initialization time. 

[0070] FIG. 5 illustrates how a scheduler may use provided information to define a 
timeline for the memory resources being used in a DMA buffer. The scheduler can proceed to use 
the timeline to define buffer split points. It may be important to note that, in general, DMA buffers 
should start with a "setup," or identification process, of current memory resources (i.e., those that 
were current at the end of the previous DMA buffer). The reason for this is that memory resources 
may have moved since a previous DMA buffer was executed and thus might need to be 
reprogrammed. Memory resources may need to be reprogrammed up until the moment the DMA 
buffer is scheduled for processing. 

[0071] The memory resource list, as illustrated in FIG. 5, may contain any number of 
fields. The following table provides a nonexhaustive list of useful fields: 



Handle 


Handle of a memory resource 


Resourceld 


Resource identifier optionally specifying how a resource is to 
be used. 


Offset 


Offset within the DMA buffer where memorv resources can 
be programmed. The scheduler can ask the driver to run the 
DMA buffer up to that point if it needs to split the buffer 
because of memory constraints. Thus this offset can provide a 
valid split point for the DMA buffer. 


SegmentHint 


Specifies a segment the driver would like to use for a 
particular allocation to provide optimal performance. This 
can replace the current driver preference for the allocation. 


BankHint 


Specifies a bank within a hinted segment where the kernel 
mode driver can page an allocation. This can replace a 
current driver preference for the allocation. 


Segmentld 


Specifies a segment identifier of a segment holding memory 
resources. This can be filled during paging. 


PhysicalAddress 


Specifies the physical address of a memory resource within a 
segment. This will be filled during paging. 


PAGING 


• 13- 



MSFT 3008/304862.03 

[0072] In general, the memory resources referenced by a DMA buffer are brought into 
memory before a DMA buffer is submitted to be executed by the coprocessor. Bringing referenced 
memory resources into memory is called paging the resources. Paging can involve interaction 
between a preparation worker thread, as described above, and a driver, such as a kernel mode driver. 
Refer to FIG. 6 for a pseudo algorithm illustrating the dynamic between the preparation worker 
thread and the supplemental memory manager. 

[0073] The paging step will typically occur when a DMA buffer has been selected for 
processing, and a list of resources for the particular DMA buffer has been generated. Paging is 
conducted to determine how to get memory resources into supplemental memory and where in 
supplemental memory to put them. 

[0074] The paging process can be handled by a supplemental memory manager. The 
supplemental memory manager can use a hint that is optionally provided by the kernel mode driver 
on creation of a particular allocation. The hint was created to find an appropriate location in 
memory for a memory resource. 

[0075] There are several problems associated with paging memory resources. There might 
not be enough free supplemental memory available to bring all the resources in, in which case some 
resources currently in memory can be evicted. Even after evicting other objects in supplemental 
memory, there may be insufficient memory for the DMA buffer. In that case the DMA buffer can 
' be split in multiple smaller pieces, requiring fewer memory resources. 

[0076] During paging, a supplemental memory manager can build a list of commands that 
are may be used to place the memory resources at appropriate locations. That list of commands can 
be built, for example, from the following operation: 

1) Evict: Move a particular memory resource out of its current segment and 
to system memory in order to make room for another resource; 

2) Page in: Bring a particular memory resource from system memory to a 
free location in supplemental memory. 

3) Relocate: Move a particular memory resource from one supplemental 
memory location to another. 

[0077] The supplemental memory manager may be allowed to use any of these operations 
to resolve the memory placement problem. This nonexhaustive command list can be generated by 
the supplemental memory manager during a paging operation and used later by the scheduler to 
generate a paging buffer. The supplemental memory manager can generate an entry in a command 
list for any memory resource that is relocated, evicted, or paged in, or otherwise moved or altered in 
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any way. In this regard, various embodiments of the invention may provide for the following fields 
in a command list: 
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Handle 


Handle of a memory resource to relocate. 


Segmentld 


Segment identifier for the segment into which a 
memory resource is currently located. 


PhysAddress 


Current physical address within the current segment 
of the memory resources. 


NewSegmentld 


Segment identifier for the segment where the resources 
may be moved to. 


NewPhysAddress 


New physical address within a new segment where the 
resources may be moved. 



PAGING BUFFER GENERATION 

[0078] Using a command list as described above, a scheduler may generate a paging buffer 
to execute the commands. Various embodiments of a paging buffer for use in connection with the 
present invention can be implemented as illustrated in FIG. 7. 

[0079] As illustrated in FIG. 7, some commands may need pre-processing before they can 
be executed, while other commands may be handled without preprocessing. Pre-processing can be 
done in any number of ways, including in a worker thread. Note that it may be necessary to wait, in 
pre-processing commands, until part of the paging buffer has been processed. In the model 
illustrated by FIG. 7, a worker thread prepares the paging buffer and handles CPU preprocessing for 
the paging buffer. When CPU preprocessing is needed before an operation in a paging buffer, the 
worker thread blocks operations on the paging buffer in the coprocessor. It then submits a CPU 
request before restarting the paging buffer again to complete the operation. 

[0080] Thus for each command in the command list, the following actions may be 
appropriate: 

Pre-processing at the time of paging buffer generation; 

CPU processing at a sync point in the paging buffer; 

"Blit" command to move memory resources; 

Post-processing CPU work once the paging buffer is completed. 
[0081] With reference to the above list of possible actions, a paging buffer itself can 
contain commands that will ask a coprocessor to stop while a CPU handles some work. Such a 
command that generates an interrupt and stalls a coprocessor will be referred to here as a "blocking 
fence." Any command in a paging buffer can be prefixed or post-fixed with a blocking fence. 
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Because interruptions are not desirable, the number of times the CPU may interrupt the coprocessor 
can be reduced by aggregating post operation fences to the end of a buffer. Cases where post 
operation fences (or "post-fences") are needed before the end of the buffer will be detected by the 
scheduler and be merged with the pre-operation fence (or "pre-fence") of the command that would 
require the post fence to have been executed. 

[0082] Note that to maintain coherency of supplemental memory, it may be advantageous 
not to allow outside interruptions in the processing of the paging buffer. Thus, if a quantum expires 
before a paging buffer is completely executed, the paging buffer may be allowed to remain in 
control of the coprocessor until it is completed. 

[0083] Refer to FIG. 8 for a pseudo algorithm representing a chain of events that may take 
place in a worker thread including the handling of a fence in a paging buffer. In connection with 
FIG. 8, the following table provides a list of generalized commands that may occur in a command 
list, and the likely ramifications of that type of command in terms of preprocessing, paging buffer 
generation, and any termination fence that may be generated. The following table is provided as a 
helpful example only, and is not intended as an exhaustive list of either the types of possible 
commands or the actions that may occur in connection with those commands. 
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Move 

from 

supplem 

entai 

memory 

to 

another 

supplem 

ental 

memory 

location 



Pre-Processing: 
None. 

In the paging buffer: 

If the transfer is to be done in hardware 

The driver can add a blit in the paging buffer. 

If the transfer is to be done in software. 

Flush the current paging buffer. Once it is flushed, 
proceed with a transfer on the CPU. 

In the termination fence of the paging buffer: 
None. 



Move 

from 

supplem 

ental 

memory 

to 

aperture 



Pre-processing: 

Attach to the process owning the supplemental memory 
resources being moved; 

MmProbeAndLock the system memory buffer and get an 
MDL for the locked pages; 

If MmProbeAndLock pages fails 

Handle the blit in software; 

Unattached from the process; 

If the aperture location that was allocated isn't currently 
busy and no command is in the command list before the 
current command, manipulate that aperture range. 

Program the aperture with the MDL we generated. 

Note that the aperture was programmed. 

In the paging buffer: 

If the aperture hasn't been programmed in the 
preprocessing stage. 

Flush the current paging buffer. After flush, program 
MDL into an aperture. Continue processing the 
paging buffer. 

If the transfer is to be done in hardware 

The driver will add a blit in the paging buffer. 
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If the transfer is to be done in software; 

Flush the current paging buffer. After flush, transfer 
the memory using the CPU. Continue processing the 
paging buffer. 

In the termination fence of the paging buffer: 
None. 


Move 
from 
aperture 
to 

supplem 

ental 

memory 


Pre-processing: 

Attach to the process owning the supplemental memory 
resources being moved; 

MmProbeAndLock the system memory buffer and get an 
MDL for the locked pages; 

If MmProbeAndLock pages fails 

Handle the blit in software; 

Unattached from the process; 

If the aperture location that was allocated is not currently 
busy and no command is in the command list before the 
current command, manipulate that aperture range. 

Program the aperture with the MDL we generated. 

Note that the aperture was programmed. 

In the paging buffer: 

If the aperture hasn't been programmed in the 
preprocessing stage. 

Flush the current paging buffer. After flush, program 
an MDL into the aperture. Continue processing the 
paging buffer. 

If the transfer is to be done in hardware 

The driver will add a blit in the paging buffer. 

If the transfer is to be done in software; 

Flush the current paging buffer. After flush, transfer 
the memory using the CPU. Continue processing the 
paging buffer. 

In the termination fence of the paging buffer: 

If the aperture range was not already reclaimed by 
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another operation in the buffer. 
Unmap the aperture range; 

A A A I f A ■ * A ■ f* 

Attach from the process owning the surface; 
MmUnlock the system memory buffer; 
Unattach from the process. 


Eviction 

from 

supplem 

ental 

memory 


Same process as move from video to aperture. Except that 
on the termination fence of the paging buffer the aperture 
range is unmapped. 


Eviction 

from 

aperture 


Pre-processing: 

If the aperture range isn't busy. 
Unmap the aperture range; 
Attach to the process owning the surface; 
MmUnlock the system memory buffer; 
Unattached from the process. 

In the paging buffer: 
None. 

In the termination fence for the paging buffer: 

If the aperture range hasn't been unmapped yet by any 
previous operation. 

Unmap the aperture range; 

Attach to the process owning the surface; 

MmUnlock the system memory buffer; 

Unattach from the process. 



[0084] Note that the scheduling model presented here may require significant amounts of 
non-trivial CPU processing to keep a coprocessor busy. This work is, at least in part, necessitated 
by of the capabilities of the coprocessor hardware that exists today. Future graphics hardware may 
be designed having more powerful memory virtualization and coprocessor scheduling. In this 
regard, several advancements have been arrived at and will also be disclosed in connection with the 
present invention. For each hardware capability, we explain the motivation for the improvement and 
the impact on the scheduling model described above. Certain improvements are presented based on 



-20- 



MSFT 3008/304862.03 

particular implementation approaches. Note that while not all of these approaches would necessarily 
be supported in any future model, the various improvements are described here in such a way as to 
provide a basis for adapting improvements to implementation approaches if and when the particular 
approaches are practiced. 

INTERRUPTABLE HARDWARE 

[0085] To increase the reliability of coprocessor scheduling, a coprocessor can support 
being interrupted at a finer granularity than that of an entire DMA buffer. For example, a 
coprocessor and supporting hardware may support interruption within processing of a triangle, 
instead of only prior to or after processing a triangle. 

[0086] In various embodiments of such interruptible hardware, a preferred design approach 
may be to provide for potentially complete virtualization of the coprocessor through an automatic 
save and restore of coprocessor contexts to supplemental memory. Each coprocessor context could 
have, by way of example and not limitation, a private address space, a private ring buffer where 
DMA buffers are accumulated, and a private piece of memory where the state of the hardware is 
saved when the coprocessor context isn't running. To support a context switch in this setting, a 
scheduler could provide a physical address in the supplemental memory of a saved context to a 
coprocessor through a memory-mapped register. The coprocessor would then load that coprocessor 
context, verify that all memory resources are valid, and then execute the DMA buffers that have 
accumulated in the ring buffer, faulting needed resources as they are encountered. 

[0087] In connection with the above, it can further be possible for a kernel-mode driver to 
query the state of coprocessor contexts that are not running. This can be done by inspecting a saved 
context, by using a "run list" event trace (described below), or by any querying means. In this 
regard, the driver can determine useful information, such as (1) the reason why the coprocessor most 
recently switched away from a particular context (for example empty, new run list, page fault); (2) 
the list of memory resources in use by the hardware (if surface-level faulting is supported); (3) the 
faulting address (if page-level faulting is supported); and (4) the number of coprocessor clock cycles 
that a particular context has been running. 

[0088] Furthermore, the kernel-mode driver can be able to insert new DMA buffers into a 
ring of a context that is not currently running. It can also be able to modify, in a saved context, the 
location of the ring, the page table or any other physical memory references stored in that context. 
Such modifications might be required, for example, following a move of those resources in memory. 
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PER-COPROCESSOR CONTEXT VIRTUAL ADDRESS SPACE 

[0089] Some complexity of the basic scheduling model described above is due to the fact 
that coprocessor contexts may be sharing a common coprocessor address space. Virtualizing this 
address space can provide for a sleeker system. In virtualizing the address space, a supplemental 
memory manager can move memory around and even evict resources out of supplemental memory 
entirely. That means the actual coprocessor- visible address for a resource may change during its 
lifetime. Thus, a command buffer that is built in user mode cannot reference an allocation directly 
by its address because that address may be unknown until the command buffer is scheduled for 
execution. 

[0090] For example, the following elements of the basic scheduling model described above 
can be eliminated through the user of a per-coprocessor-context address space: 

1) Patching command buffers by replacing handles with actual memory locations 

2) Validating command buffers for memory access 

3) Building memory resource lists in kernel mode 

4) Creating separate command and DMA buffers 

5) Bringing resources for interrupted DMA buffers back a pre-interruption 
location 

[0091] In providing a per-coprocessor context virtual address space, allocations within a 
particular coprocessor context can get their own unique address within that context's address space. 
The address would not be required to change during the allocation's lifetime. Thus, command 
buffers could reference those addresses directly and would not require patching. The need to have a 
command buffers validated and copied into a DMA buffer would also disappear. Since memory 
references in a DMA buffer would be in the virtual address space of the coprocessor, and that 
address space would actually be private to any coprocessor context, there would be no need to 
validate memory references for validity and thus no need to hide the validated content of a command 
buffer in a DMA buffer that is not visible to applications. Address spaces (either handles or actual 
addresses) that aren't occupied by an allocation or by an evicted allocation can be redirected by the 
hardware to a dummy page or cause an access fault. This will preserve security of the kernel mode 
memory because contexts will not have access to memory they are not supposed to access. 

[0092] Some of the advantages of per-coprocessor context virtual address spaces are the 
following: Each allocation would get a coprocessor-visible address (or handle) at allocation time. 
There would be no command buffers; DMA buffers would be directly visible to the user-mode 
driver and filled by the user-mode driver. A DMA buffer would refer directly to the addresses (or 
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handles) of the allocations it uses. Resource lists used for paging would be built by the user-mode 
driver. 

[0093] Recall the model for various embodiments of the invention as set forth in FIG. 3 
and the corresponding description. This model can be further improved using interruptible hardware 
and/or per-coprocessor context virtual address spaces. In this regard, the following sections describe 
similar concepts to those of FIG. 3, except further improved by the additional advancements of this 
invention. 

SURFACE ALLOCATION AND DEALLOCATION 

[0094] In the advanced model, a supplemental memory manager, such as a video memory 
manager "VidMm" in kernel mode can provide a virtual address space for coprocessor contexts, and 
can manage the physical memory among the various coprocessor contexts so they can get their fair 
share of memory. Various embodiments of this improvement on the allocation scheme of the basic 
model is depicted in FIG. 9. FIG. 9 illustrates an embodiment of the invention using terminology 
that will be familiar to those skilled in the art because it corresponds to recognized concepts in the 
art. For example "VidMm" is a video memory manager, and "Thunk interface" is a thunk interface. 
Note, however, that while this terminology is used to more clearly explain the invention, it should 
not be taken as an manifestation of intent to limit the invention. Thus "VidMm" can be a memory 
manager for any supplemental memory, and "Thunk interface" can be any appropriate interface, etc. 

[0095] In connection with FIG. 9, the advanced model allows the DMA buffers to be 
mapped directly into an address space of an application, which optionally makes them directly 
accessible by a user-mode driver. The user-mode driver batches the rendering primitives directly to 
the DMA buffer using the permanent virtual address or handle of each memory resource it needs to 
access (so no patching is required). The user-mode driver also builds a list of the memory resources 
the DMA buffer is using so the supplemental memory manager can bring those into supplemental 
memory before the DMA buffer is scheduled. If a malicious application modifies the resource list, 
the correct set of resources will not be properly paged-in. Note that this does not necessarily break 
the memory protection model because the range of the address space that isn't referencing valid 
memory can be required to either reference a dummy memory page or cause the hardware to fault 
and stop execution of the specified coprocessor context. In either case, a corrupt resource list need 
not result in a coprocessor context being able to access another context's memory. 
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[0096] In the advanced model, the user-mode driver submits a DMA buffer to the kernel- 
mode driver, which submits the DMA buffer to the scheduler. After asking the memory manager to 
page the resources in the resource list, the scheduler sends the DMA buffer to the hardware as is. 

SCHEDULING IN THE AD VANCED MODEL 

[0097] Scheduling in the advanced model is very similar to scheduling in the basic model. 
There is still a worker thread preparing a DMA buffer before the DMA buffer is submitted to a 
coprocessor. However the work that can be accomplished by the worker thread in the advanced 
model need only be limited to paging operation. 

[0098] Refer to FIG. 10 and FIG. 1 1 for embodiments of scheduling in the basic model and 
scheduling in the advanced model. As will become clear, the advanced model has two scheduling 
options. When scheduling without demand faulting, a preparation phase can be implemented. 
When the advanced model uses demand faulting, however, no preparation phase is necessary. 

In addition, Figures 12(A), 12(B), and 12(C) provide a flowchart demonstrating pseudocode 
capable of implementing the advanced scheduling model. 

PAGING IN THE ADVANCED MODEL 

[0099] Paging in the advanced model is different from paging in the basic model. In the 
advanced model, the address of an allocation being paged is already known, and the memory 
manager simply needs to make it valid. To make an allocation in the resource list valid, the memory 
manager needs to find a range of physical supplemental memory that is free and ask the driver to 
map the page table or handle to that range. If necessary, the range of physical memory can be 
required to be a contiguous set of pages. 

[0100] If there isn't enough physical video memory available to make the allocation valid, 
a supplemental memory manager, here referred to as VidMm, could mark some currently valid 
allocation for eviction. When an allocation is evicted, its content is transferred to system memory 
(assuming it wasn't already in system memory), and then its virtual address or handle is made 
invalid. 

VIRTUAL ADDRESS SPACE 

[0101] Any technique known in the art or developed in the future for providing virtual 
address space may be used in conjunction with the present invention. To demonstrate the ways in 
which such an address space can be used, two examples using common virtual address space 
techniques are provided herein. It should be understood that there are multiple ways to create a 
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virtual address space for a coprocessor, and those skilled in the art will be able to extrapolate from 
the examples provided here. In this regard, virtual address space using a variable length flat page 
table and a multi-level page table is described herein. 

[0102] The variable length flat page table. The use of the present invention in 
conjunction with a variable length flat pate table is illustrated in FIG. 13. In this method, the 
address space of the coprocessor is virtualized through the use of a flat page table. The virtual 
address space can be divided into pages of a predefined memory amount, for example 4KB. For 
each page in the virtual address space, a page table is provided that contains identifiers, for example 
64-bit entries, for specifying a physical address and location {e.g., Accelerated Graphics Port (AGP), 
Peripheral Component Interconnect (PCI), or Video) of associated physical memory. In one 
embodiment, the page size supported by the coprocessor is not arbitrary and must be 4KB in order to 
allow the coprocessor page table to reference system memory pages. Furthermore in this 
embodiment, the coprocessor page table must be able to address both local video memory and 
system memory from the same address space. The coprocessor can require that all pages belonging 
to a single surface be mapped to a single type of memory. For example, the coprocessor can require 
that all pages belonging to a particular render target be mapped into local video memory. However, 
page table entries that map surfaces to a variety of physical memory types (AGP, local video, etc.) 
can coexist in the page table. 

[0103] For PCI and AGP adapters, an exemplary embodiment of each page table entry can 
contain 32 bits, allowing a full 4GB physical address space to be visible by the coprocessor. For an 
embodiment using a PCI-Express type adapter, the coprocessor may support a 64-bit addressing 
cycle. Each page table entry can contain 40 or more bits to address each terabyte of memory. An 
embodiment implementing a 64bit system that makes use of more than 40bits of physical address 
line on the mother board may experience a performance penalty if a corresponding video adapter is 
not capable of addressing the entire address space. Thus it is recommended to support the full 
64bits. 

[0104] The flat page table method is similar to the virtualization mechanism that is 
currently available on INTEL® 8086 (x86) family CPUs, except that there is no page directory, only 
a huge page table. 

[0105] Virtual addresses that are not associated with a valid allocation can be redirected to 
a dummy page to prevent a malicious DMA buffer from forcing the coprocessor to access memory it 
should not. The hardware can implement a valid bit in each of the page table entries that specifies 
whether the entry is valid. 
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[0106] The page table can be relocatable when an associated coprocessor context is not 
currently running on the coprocessor. When the context is not running, VidMm could evict the page 
table to system memory. When the context is ready to run again, the page table may be brought 
back to video memory, but at a potentially different location. The driver may be able to update the 
location of the page table in a saved coprocessor context. 

[0107] In this embodiment, all memory access may occur through a coprocessor virtual 
address. However, it should not be implied that the invention requires such access. Certain 
elements may be accessed in other ways, and may even provide increased functionality if accessed 
in other ways. Some examples of items that may be left out of the virtual address scheme are: 

1) The page table itself may be referenced through a physical address. 

2) The Cathode Rat Tube (CRT) may be programmed to a physical address for a 
contiguous memory range. 

3) Virtual Print Engine (VPE) can perform DMA directly to a physical address. 

4) Overlay can read directly from a physical address. 

5) The coprocessor context can be referenced through a physical address. 

6) The primary ring buffer can be referenced through a physical address. 

[0108] Note that during a context switch, a coprocessor can retranslate virtual address in 
use by the context being restored. This will ensure that memory resources are located in the proper 
place, instead of allowing the coprocessor to make a potentially false assumption that those 
addresses are referencing the same physical pages as before the context switch. Note also that in 
conjunction with various embodiments of the invention, it will be beneficial to allow multiple 
entries in a single page table or across multiple page tables to refer to the same physical pages. 

[0109] In various embodiments, a coprocessor may implement a limit register giving the 
current size of a page table. Any memory reference past the end of the page table can be considered 
an invalid access by the coprocessor and treated as such. The page table can be expandable by 
powers of 2 and can support, in one embodiment, at least 2GB of address space (2MB of page 
table). 

[0110] If the virtual address space associated with a coprocessor context becomes 
fragmented, an API, for example MICROSOFT® Direct3D runtime, can perform garbage collection 
to reduce the size of the address space and the associated page table. Allocations at high virtual 
addresses will be deleted and reallocated to lower addresses. 

[0111] The advantages and disadvantages of implementing a virtual address space using a 
variable length flat page table in conjunction with the present invention should be apparent to those 
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skilled in the art. To summarize, one advantage of using the flat page table is there is only one level 
of indirection to physical memory. Another advantage is that paging can be resolved with a 
discontiguous set of pages. There are disadvantages too, however. For example, an entire page 
table will generally need to be present in memory when the coprocessor is running. Also, a page 
table can consume a large amount of memory. A page table may be awkward to locate because it 
generally requires a contiguous set of pages in memory. 

[0112] The multi-level page table. The use of the present invention in conjunction with a 
multi-level page table is illustrated in FIG. 14. A multi-level page table may be generally similar to 
a variable length flat page table, however in a multi-level page table, the index part of the virtual 
address is broken up across multiple tables. For example, various embodiments may utilize a 32-bit 
address space. In this situation, the hardware may be required to have a two-level indirection. The 
first level of indirection is referred to as a page directory and the second level as a page table. When 
the coprocessor is running a particular context, only the page directory for that context and the page 
table needed by the allocations in the resource list need to be present in memory. 

[0113] It will be appreciated that one of the advantages of providing a multiple level page 
table in conjunction with the present invention is paging can be resolved with a discontinuous set of 
pages. Also, an allocation can mix pages from system and local video memory, only the page 
directory and the page tables in use need to be present in memory, and the page directory and page , 
table require only one page each (no multiple-page contiguous allocation is required). Despite these 
advantages, however, the disadvantage remains that access to memory requires two indirections. 

SURFACE LEVEL FAULTING 

[0114] With the addition of a per-coprocessor-context virtual address space, the advanced 
scheduling model works reasonably well and generally does not require much CPU overhead, 
especially when there is little or no memory pressure. Most of the time, when a DMA buffer can be 
submitted to a scheduler, the resources it references are already present in memory and thus the 
DMA buffer does not require any paging by the paging thread. However, in terms of scheduling, the 
model can be further improved by increasing the accuracy of time keeping. 

[0115] One problem encountered in implementing the invention was that it may not be 
possible to know up front how long a particular DMA buffer will take to execute. This can result in 
a potentially bad choice by a scheduler for the next DMA buffer to prepare. If no other contexts are 
at the same or higher priority as a current context, or if all other contexts at that priority are empty, 
the scheduler may pick the next DMA buffer from the current context. Otherwise, the scheduler 
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may pick the next DMA buffer from the next context that has same or higher priority as the current 
context. However that choice isn't guaranteed to be accurate. When choosing a DMA buffer from 
the next highest priority context, the scheduler can assume that the DMA buffer for the current 
context will run for longer than one quantum. If that is not the case, then the scheduler may switch 
away from that hardware context too soon. In the case where the current DMA buffer runs for less 
than one quantum, the scheduler should have chosen the next DMA buffer from the current context 
(because this would have maximized efficient use of the coprocessor). 

[0116] When there is little or no memory pressure, in general both potential candidates for 
the next DMA buffer already may have all their resources present in memory, so it is likely that 
neither buffer requires paging. In that scenario, the scheduler can realize its mistake when the 
quantum of the first DMA buffer ends, change its mind immediately, and give the correct DMA 
buffer to the coprocessor. 

[0117] However, under memory pressure, the model may become less stable. The "sizing" 
of a next DMA buffer may become an advantageous step in ensuring smooth operation. Under 
memory pressure, chances are that in the previously described scenario, one of the two potential 
candidates for the next DMA buffer required some paging and therefore was sent to the preparation 
thread. In that case, it would not generally be advisable for the scheduler to "change its mind" at the 
last minute and swap the two DMA buffers. Note however that such a change can be made, and 
such a practice does not fall outside the description of this invention. For example, in the scenario 
where the preparation of the next DMA buffer is completed and the other potential DMA buffer 
candidate does not require paging, a DMA buffer could be swapped. This may imply some special 
support for shareable allocation by a supplemental memory manager. 

[0118] The potential time keeping error described above, by itself, isn't very bad and can 
be worked around by giving a context the processing time it missed during a subsequent quantum. 
Also, in most cases, a DMA buffer contains enough commands to run for multiple coprocessor 
quanta, so each context can get its full quantum. However, under memory pressure, a supplemental 
memory manager may be forced to split DMA buffers (as described above) into smaller buffers, to 
reduce the working set of each context. Such splitting of DMA buffers reduces the size of DMA 
buffers and correspondingly increases the quantization problem described above. 

[01 19] Another problem that may arise under memory pressure is that the model can 
artificially create extra pressure because there is potentially more memory getting paged in than is 
actually used by the DMA buffer. All that extra memory that was paged in will potentially get 
evicted before the next quantum and will need to be paged in again. This can lead to increased 
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paging activity when paging activity is already high. In the basic and advanced models, the 
supplemental memory manager can address the problem of increased paging by choosing an 
appropriate eviction policy. For example, under mild memory pressure, each context may be likely 
to have a reasonable amount of memory in its working set. Before evicting memory from other 
contexts, the supplemental memory manager may attempt to evict memory from a current context 
first, and split its DMA buffer to make it fit in the available working set. Once the DMA buffer of a 
particular context is split to its minimal size, the supplemental memory manager may be left no 
choice but to evict memory from another context. 

[0120] One preferred approach to solve these issues is to allow demand faulting of memory 
needed by a coprocessor. That way we could ensure that only the subset of memory needed by the 
coprocessor is present in memory. 

[0121] The level of faulting proposed for the advanced model is at a surface granularity. 
However, it should be understood that any level of faulting may be appropriate for use in 
conjunction with the present invention. Also, note that in the case of page table hardware, the 
hardware could only look at the state of the first page of an allocation to determine if an allocation is 
valid since the supplemental memory manager could bring an entire allocation at once in memory. 

[0122] In various embodiments, hardware could generate a page fault when either; 

1) A context switch occurs to a context that is referencing an invalid ring buffer or DMA 

buffer. 

2) A primitive is about to be drawn and some of the required memory resources aren't 
present (for example vertex shader code, vertex buffer, texture). 

[0123] Note that in the second situation, hardware may be required to resample its current 
memory resources before rendering every triangle. It would be possible for the supplemental 
memory manager to invalidate a virtual address or a handle at any time, including when the 
coprocessor is running. It is also expected that the hardware may allow a query of all the memory 
resources it is currently using. The supplemental memory manager may use that information to 
determine when a particular allocation might be in use by the hardware. The supplemental memory 
manager may assume that if an allocation doesn't appear in the list of resources currently in use by 
the coprocessor, after having its virtual address or handle invalidated, then it is safe to evict that 
allocation because the coprocessor cannot access that allocation. Attempts to do so could cause a 
page fault. 

[0124] Further explanation of the use of surface level faulting in connection with the 
present invention is provided by the following more detailed explanation of a surface level faulting 
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model. The following model is an example of some embodiments, and should not be construed as a 
limitation on the potential uses of the invention or of the concept of surface level faulting in 
conjunction with other applications outside the context of the scheduling model provided herein. 

[0125] First, an allocation scheme for memory resources could be the same as described in 
the per-coprocessor context virtual address space section of this document. See that section for 
details. 

[0126] Second, the rendering command scheme for the DMA buffer and resource list is 
also the same as explained in the per-coprocessor context virtual address space section of this 
document. In this model, the resource list is still required, even if the graphics hardware supports 
surface-level faulting. The supplemental memory manager (here, "VidMm") uses the resource list 
to acquire usage information about memory allocations. That usage information allows VidMm to 
determine candidates for eviction when it needs to make room in memory. 

[0127] With the addition of surface level faulting, there is no security concern regarding 
the resource list, so it can be built in user mode. If a malicious application puts invalid data in the 
resource list, the worst that could happen is that the performance of the malicious application will 
suffer. VidMm could make an illogical choice about candidates for eviction, which would result in 
extra paging activity for that application. 

[0128] The scheduling model with demand faulting of surfaces may be different in many 
respects from models not employing surface level faulting. In general, processes in the ready list 
may be submitted directly to the coprocessor, no preparation phase is needed. The scheduler can 
maintain a dedicated list and a paging thread for contexts requiring that a page fault be resolved. 
There is a VidMm-specific coprocessor context used for paging operations. Finally, DMA buffers 
submitted to a context are concatenated to form a single work item. 

[0129] In this model, the preparation phase may be eliminated. The scheduler can ask the 
coprocessor to switch from one context to another directly, and it may be assumed that all contexts 
are ready for execution at any time. If a context being switched to doesn't have all of its memory 
resources present in memory, the hardware can fault, and the context will get added to a list (such as 
an inpage list, see FIG. 15) so the paging thread can start working on resolving the fault. 

[0130] A list of exemplary processes maintained by the scheduler in connection with this 
model is illustrated in FIG. 15. Referring to FIG. 15, when a fault occurs, the context causing the 
fault can be added to the inpage list. A paging thread may then resolve the fault. The paging thread 
can chose the highest priority context that faulted to resolve first. A periodic priority boost may be 
employed to ensure that low priority contexts will eventually get a high enough priority to have their 
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faults resolved. While faults are being resolved by the inpage worker thread, the scheduler may 
schedule more contexts that are ready for execution on the coprocessor. While the coprocessor is 
working, the inpage worker thread can manipulate video memory by calling the driver to map or 
unmap allocations from addresses. 

[0131] It is possible that allocations currently in use by the coprocessor will get 
invalidated. The next time the coprocessor tries to access such an allocation, it should fault. 
However, since the coprocessor is not able to fault immediately at an arbitrary time (for example 
some coprocessors will only resample the state of the current allocations between triangles), there is 
the potential that the coprocessor will need to use an allocation for some time after it has been made 
invalid. 

[0132] To prevent that from happening, VidMm may ensure that the memory for the 
allocation will remain valid until the next context switch, even though its virtual address or handle 
has been invalidated. This can be accomplished by having memory transfers due to paging done in a 
VidMm-dedicated coprocessor context. Since the memory transfer is done in a separate context, we 
can be sure that there will be a context switch before the content of the memory is changed. For a 
virtual address or handle that references system memory, there is no memory transfer during 
eviction. In that case VidMm may ensure that the system memory stays valid by keeping it pinned 
down until the coprocessor context switches to VidMm 's dedicated context. 

[0133] The VidMm-dedicated coprocessor context is a regular coprocessor context that is 
used by VidMm to do the memory transfer between system memory and video memory. The 
VidMm context is a variable-priority context that takes the priority of the highest priority item in the 
inpage list. Having all the paging operations serialized in a single context simplifies the 
synchronization model for VidMm. 

[0134] Another interesting difference in this model is the way all the DMA buffers 
submitted for a particular context can be concatenated to form a single task. In the previous models, 
each DMA buffer formed a work item and each context would maintain a list of those work items. 
The scheduler would not necessarily schedule the context; it would schedule (and initiate 
preparation for) a particular work item associated with a context. Before that work item had a 
chance to complete, the scheduler would have to choose the next work item. Each work item had to 
be prepared before it could be submitted, so the scheduler had to know up front what the next work 
item should be, which is not always possible. 

[0135] With surface level faulting, DMA buffers do not require preparation. Because of 
this, the scheduler need not see a context as a collection of work items. Instead, the scheduler really 
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schedules contexts, and once a context gets control of the coprocessor, it can retain control of the 
coprocessor. Some events may be allowed to halt context control of the processor, for example: 

1) The coprocessor finishes all commands that have currently been queued 

2) The coprocessor generates a page fault caused by an invalid memory access 

3) The scheduler requests a switch to a different context 

4) The coprocessor generates an invalid operation interrupt following an invalid command in 
the DMA stream. 

[0136] FIG. 16 provides a diagram that illustrates various embodiments of the invention 
in accordance with the above. Referring to FIG. 16, the two sides represent the progression, in the 
same hardware environment, from the insertion of a first context to the insertion of a second context. 
On the left hand side, the scheduler asks the kernel driver to insert a particular DMA buffer to the 
ring of coprocessor context #1. The ring is modified by the driver and the tail of the coprocessor is 
updated to reference the new location. The insertion of the DMA buffer in coprocessor context #1 
occurs under the protection of a coprocessor context #1 specific lock. Thus other threads can insert 
DMA buffers into the ring of other coprocessor contexts. 

[0137] On the right hand side, the scheduler asks the kernel mode driver to insert a 
particular DMA buffer to the ring of coprocessor context #2. However, the ring is already full, thus 
thread B will be blocked until some room is freed in the ring. Note that the fact of thread B waiting 
does not block thread A from inserting a new DMA buffer in its own ring. 

[0138] In this model, each context has its own DMA ring that can contain redirections to 
portions of DMA buffers to execute. At submission time, the scheduler may try to add the 
submitted DMA buffer to the ring of that context. If the ring is already full, the scheduler can wait 
until there is enough space in the ring for another submission. Note that this wait will only block 
further submissions to the particular context being submitted to. It will not block submissions to 
other contexts. In other words, multiple threads can be adding work items to their own contexts in 
parallel. 

[0139] Since new DMA buffer can be added to the queue of a running context, the 
coprocessor may resample the queue's tail before generating an interrupt to report that a context is 
empty. Of course, it is possible that a DMA buffer be added to the queue immediately after the 
coprocessor sampled its queue. However, sampling the queue's tail just before generating the 
interrupt reduces the probably of this happening and increases the accuracy of the scheduling. When 
the scheduler is notified that a context is empty, it will query the driver to see if that is really the 
case or not. It should be possible for the driver to access a saved coprocessor context in order to 
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determine if there is currently a queued command in it that has not been processed. FIG, 17 
provides a pseudocode algorithm describing this model. 

[0140] As will be detailed later, the concept of limited versus privileged DMA buffers is 
introduced to allow DMA buffers to be built directly in user mode without compromising system 
security, while allowing the kernel-mode driver to build DMA buffers containing privileged 
commands. 

[0141] The various embodiments represented by this model may be used in conjunction 
with a concept of limited versus privileged memory that will be described in later sections of this 
document. For now, note that a problem can arise in this model because, in the memory 
virtualization model presented previously, no distinction is made between memory that can be 
accessed by a limited DMA buffer versus a privileged DMA buffer; all virtual memory is accessible. 
This means that some memory resources, like a page table or a ring buffer, may not be appropriately 
visible through the coprocessor virtual address space because that would allow a malicious 
application to write over the page table or the ring buffer. Because of this, the hardware can be 
designed to support physical addressing for some types of resources and virtual addressing for other 
types of resources. 

[0142] A different approach to the problem is to add the concept of privileged memory. In 
various embodiments, privileged memory can only be accessed from a privileged DMA buffer, and 
the coprocessor can cause a page fault if a limited DMA buffer tries to access a privileged memory 
location. A privileged DMA buffer, on the other hand, can access both privileged memory and non- 
privileged memory indiscriminately. In order to support privileged memory, the hardware must 
have a mechanism to specify on a per-handle basis (in the case of handle-based virtualization) or 
per-page basis (in the case of page-table based virtualization) whether the memory is privileged. 

[0143] Note that in order to support privileged memory, a coprocessor supporting surface 
level faulting with a page table can no longer fault only on the base address of a memory resource. 
The coprocessor must look at all the page table entries covered by the current resource and make 
sure all of them have the correct protection bit set. Inspecting only the first page of a memory 
resource would potentially allow a malicious application access to privileged memory following the 
limited memory base address it specified in the limited DMA buffer. 

THE RUN LIST 

[0144] The demand faulting model presented previously can make heavy use of interrupts 
to signal multiple events. Some of these events, like page faults, can occur at high frequency under 
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memory pressure. Between the time an interrupt is hit and the time the coprocessor is given a new 
task by the CPU, the coprocessor could be starving. In order to hide the interrupt latency and keep 
the coprocessor busy, we introduce the concept of a run list. 

[0145] A run list is simply a list of coprocessor contexts that can be run by the coprocessor 
without CPU intervention. The contexts may be run in the order given or in any other order that 
proves convenient for those practicing the present invention. The coprocessor can switch from one 
context to the next on the run list for any of a wide variety of reasons that can be implemented in 
conjunction with the invention, for example: 

1) The current context is empty, i.e., doesn't have anything left to do. 

2) The current context generated a page fault. 

3) The current context generated a general protection fault (if supported by coprocessor) 

4) The coprocessor was asked to switch to a new Run List 

[0146] In various embodiments, when the coprocessor switches from one item in the run 
list to the next, it interrupts the CPU, but does not stall and can context switch to the next item in the 
list and start executing it. The head of the run list may be the context the scheduler can attempt to 
run first, and the other elements of the run list may be there in part to keep the coprocessor busy 
during interrupt latency. As soon as the CPU receives the interrupt signaling that the coprocessor 
switched away from the head of the list, the CPU can build a new run list and send it to the 
coprocessor. 

[0147] When the coprocessor switches away from the head of the list, it may start 
executing the next context in the run list while the interrupt it generated makes its way to the CPU. 
The head of the new run list the CPU will generate might be different than the context the 
coprocessor just switched to. In that case the coprocessor will need to switch again and may not 
have time to do much useful work on that context. 

[0148] However, the head context of the new run list built by the CPU can be the same 
context as the second element of the previous run list because context priority will not have changed 
since the last run list was built. In that case, the coprocessor will already have started processing the 
correct context ahead of time. 

[0149] A diagram representing the concept of the run list is provided in FIG. 18. When a 
run list is included in various embodiments of the invention, the scheduler's running context can be 
replaced by a current run list. A second run list, called a pending run list, is introduced to simplify 
synchronization of run list switching. The current run list is a list of contexts that the scheduler can 
assume the hardware is currently executing, while the pending run list is a transitive run list used 
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when the scheduler wants to change the hardware from one run list to another. When the scheduler 
wants to change to a new run list, it builds a pending run list and asks the coprocessor to switch to it. 
Once the scheduler receives confirmation from the coprocessor (through an interrupt) that the 
coprocessor has started executing the new run list, the pending run list becomes the new current run 
list, and the pending run list can be emptied. 

[0150] When the pending run list is empty, the hardware may be running a context in the 
current run list or it may be idle. When the pending run list is not empty, the scheduler may not 
know which run list the hardware is currently executing until it receives confirmation from the 
coprocessor that the transition occurred. 

[0151] Certain events may require the scheduler to reprioritize the run list. For example, a 
page fault might have been resolved making a high priority coprocessor context ready for execution. 
To simplify the synchronization of such an event, the general rule that may be followed by the 
scheduler is that it will submit a new run list (pending run list) only if there is not already a pending 
run list submitted by a previous event. Trying to replace one pending list with another may be hard 
to synchronize, since the list has already been given to the coprocessor, thus the transition can occur 
at any time, and the scheduler will be notified only after the fact. 

[0152] In the latter case, the reprioritization of the run list can be delegated to the context 
switch handler. At some point in the future, the handler can then be called to signal the transition 
from the pending list to the running list, and at that time the handler can generate a new run list to 
send to the hardware if the priorities have changed. 

[0153] Run List Switching Synchronization. In one run list model, the graphics 
hardware can generate an interrupt when it switches contexts. Since interrupt delivery and 
processing is not instantaneous, it is possible that multiple interrupts could be generated before the 
CPU actually gets interrupted. If synchronization is not done properly, the scheduler could get 
confused and make an incorrect scheduling decision. 

[0154] Two critical events the scheduler may be directed to distinguish are, first, when the 
coprocessor switches away from the head of a run list and, second, when the coprocessor changes to 
the pending run list. Differentiating between those events may be difficult with only the information 
from a simple interrupt at each context switch. To further illustrate this point, consider the 
following example: The coprocessor is currently running run list A, which is composed of contexts 
1-3-5-2, and the scheduler wants to change to run list B, which is composed of contexts 4-1-3-2. 
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The following two scenarios may occur: 
Scenario #1 

The coprocessor is currently executing run list A (1-3-5-2). 
Commands are submitted regarding context 4, which was idle and is higher 
priority than context 1. Run list B (4-1-3-2) is generated and the scheduler 
submits run list B to the coprocessor. 

Context #1 runs until the coprocessor transitions to context #4 from run list B. 

The coprocessor generates an interrupt signaling the transition. 

The coprocessor transitions from context #4 to #1, then #3 before the CPU is 

interrupted. 

The CPU is interrupted, and the context switch handler is called. 
A driver samples the current coprocessor context, it is #3. 
Scenario #2 

The coprocessor is currently executing run list A (1-3-5-2). 
Commands are submitted regarding context 4, which was idle and has higher 
priority than context 1 . The scheduler submit run list B to the coprocessor. 
While the scheduler was busy building run list B, the coprocessor transitioned 
to context #3. 

The coprocessor generates an interrupt signaling the transition to context #3. 

The CPU is interrupted, and the context switch handler is called. 

A driver samples the current coprocessor context, it's #3. 
[0155] In both cases, the currently running context at the time of the context switch 
interrupt is #3. Note, however, that the scheduler cannot, without additional information, 
distinguish between the two scenarios. In the first scenario, the coprocessor switched away from the 
head of run list B, and thus the scheduler needed to generate run list C and ask the coprocessor to 
change to it. However, in the second scenario the second run list wasn't even started yet and thus 
the scheduler should simply wait. 

[0156] The above example shows that a context switch interrupt alone may not be enough 
to properly support a run list in a scheduling model. Some more information is needed to 
differentiate between the scenarios. The next sections details some ways this problem can be 
addressed along with hardware support that can be useful in addressing such problems. 
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[0157] Two-Element Run List. This synchronization approach requires the coprocessor 
to support some additional features. Among the features that can be supported in conjunction with 
implementation of a two element run list are the following: 

1) A run list of two elements. 

2) Ability to generate an interrupt at each context switch (including a fake context switch 
from context X to X). 

3) A way for VidMm to query the currently running coprocessor context at any time. 

4) Saving outgoing coprocessor contexts to memory before interrupting. 

5) Saving coprocessor contexts in a way that contexts are readable by the CPU to allow the 
scheduler to determine the reason behind context switches. 

[0158] Note that while hardware may be used to support the above functions, such special 
hardware is not necessary to allow the scheduler to differentiate between a regular context switch 
and a run list switch. Instead, the scheduler may differentiate between those two events by always 
respecting a set of simple rules when constructing a run list. While the particular rules may vary for 
various embodiments of the invention, exemplary rules that provide this function are, one, that a first 
context of a current run list cannot appear in a new pending run list, and two, if a second context of a 
current run list is not the head of a new pending run list, it must not be in the new pending run list at 
all. Below is a table of the assumptions that a scheduler may make during transitions from one 
context to another when these two exemplary rules are followed. In the table below, a run list A is 
composed of contexts 1-2; a second run list B is composed of contexts 2-3; and a third run list C is 
composed of contexts 3-4. 



Transition from A to 
B 




Current context # 
when CPU is 
interrupted 


Meaning / Action to take 


1 


Glitch, ignore the interrupt 

This glitch was caused by a previous switch of 
run list (X, 1) to (1*. Y) where we incorrectly 
interpreted the X to 1 transition as a run list 
switch. The real transition was X to 1, then 1 
to 1*. The current interrupt is f r the 
transition 1 to 1* and can be ignored 
(coprocessor is required to generate this 
interrupt so transition from 1-X to 1-Y can be 
detected by the scheduler). 
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2 


Run list switch occurred. 

This is not always true and may lead to the 
previous glitch. If the current transition is 
really l*-2*, then the CPU will be interrupted 
again for a transition 2*-2** or 2*-3**. The 
pending run list (B) becomes the current run 
list, and the pending run list is emptied. The 
scheduler needs to handle the context switch 
away from context 1 * (ex: page fault). 


3 


Run list switch occurred, and head of 
second list is already completed. 

Run list B is over. The pending run list (B) 
becomes the current run list. A new pending 
run list is built by the scheduler and sent to 
the coprocessor. The scheduler needs to 
handle the context switch away from context 
1 * and 2** (ex: page fault). 



Transition from A to 
C 




Current context # 
when CPU is 
interrupted. 


Meaning / Action to take 


1 


Glitch, ignore the interrupt. 

This glitch was caused by a previous switch of 
run list (X, 1) to (1*. Y) where we incorrectly 
interpreted the X to 1 transition as a run list 
switch. The real transition was X to K then 1 
to 1*. The current interrupt is for the 
transition 1 to 1* and can be ignored 
(coprocessor is required to generate this 
interrupt so transition from 1-X to 1-Y can be 
detected by the scheduler). 


2 


Context switch in the current run list. 

coprocessor switch to context 2*. The 
scheduler needs to handle the context switch 
away from 1 * (ex: page fault), but otherwise 
has nothing to do regarding run list. 


3 


Run list switch occurred. 

The pending run list (C) becomes the current 
run list, and the pending run list is emptied. 
The scheduler needs to handle the c ntext 
switch away from 1* (ex: page fault). It is 
unknown whether context 2* was ever 
executed, it will be rescheduled. 
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Run list switch occurred, and head of 
second list is already completed. 

Run list C is over. The pending run list (C) 
bee mes the current run list (hardware is idle 
though). A new pending run list is built by 
the scheduler and sent to the coprocessor. It 
is unknown whether context 2* was ever 
executed, it will be rescheduled. 



[0159] This method of implementing a run list is probably the simplest and does not 
necessarily require significant additional hardware support. However note that the run lists in the 
above table are limited in size (extending beyond a size of two may become impractical), and some 
information, not critical, can get lost during the context switch. For example, the scheduler may not 
always know in the transition from A to C whether context #2 was ever executed. It could have 
been executed, caused a page fault, but had its interrupt hidden by another context switch. In that 
case the scheduler would not know that it ever generated the fault and would reschedule it 

[0160] The Coprocessor Trace of Scheduling Events. The run list can easily be 
expanded to a size N when the hardware provides some history information of scheduling events to 
the scheduler. One problem with a simple interrupt is that multiple interrupts can be squeezed 
together, and it might not be possible to determine exactly what happened to cause an interrupt. 
This can be addressed, in conjunction with the methods of this invention, by hardware features. By 
implementing hardware that can write a context switch history to a specified system memory 
location readable by the scheduler. To explain this aspect of the invention, consider the following 
scenario: 

1) The scheduler schedules run list A (1-2-3-4-5). 

2) A time quantum expires for context #1, and the scheduler sends a new run list 
B (2-3-4-5-1). 

3) While processing the quantum expiration on the CPU, the coprocessor finished 
with context #1 because it became empty and therefore transitioned to context #2. 
The coprocessor generated a context switch interrupt for this event. 

4) The coprocessor received the notification from the CPU about the new run list, 
and therefore transitioned to it. The coprocessor generated a context switch interrupt 
for this event. 
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5) While processing rendering commands in context #2 of the new run list, the 
coprocessor encountered a page fault and therefore switched to context #3. The 
coprocessor generated a context switch interrupt for this event. 

6) Context #3 hit a page fault right away and therefore the coprocessor switched 
to context #4. The coprocessor generated a context switch interrupt for this event. 

7) The CPU is finally interrupted for a context switch. Four context switches 
have actually happened since the original interrupt was raised. 

[0161] FIG. 19 illustrates the operation of a hardware history mechanism in the above 
scenario. In order to support such history mechanism, the hardware can be configured to be able to 
do carry out the following tasks. These tasks are provided by way of example but not limitation: 

1) Specify a base address for the history buffer. There may a single history buffer 
per coprocessor. In a preferred embodiment, this could be a system memory location 
in either PCI or AGP memory. This could be aligned on a 4KB boundary by the 
operating system. For a PCI express system, access to this buffer may preferably be 
implemented with a snoop cycle so the system memory buffer can be cacheable for 
more efficient CPU reads. 

2) Specify the size of the history buffer. The history buffer may be at least twice 
as long as the size of a run list. This is to insure there is enough space in the buffer to 
handle the worst case scenario where both the current run list and the pending run list 
get completed before the interrupt occurs. 

3) Specify a coprocessor write pointer, which may be an address immediately past 
the last event that was written to the history buffer. VidMm may be able to query this 
pointer at all times, including when the coprocessor is running. The data in the 
history buffer can be properly flushed to memory before the pointer is updated to 
insure that the scheduler always gets coherent data. 

[0162] Various embodiments may configure the history buffer so it is not visible to DMA 
buffers, which are built in user mode. If the history buffer was visible to a limited DMA buffer, a 
malicious application could write over the history buffer, breaking the scheduler and possibly 
resulting in a system crash or worse. Because of this, the history buffer in these embodiments can 
either be referenced by the hardware through a physical address or through a virtual address that is 
only visible in a privileged DMA buffer. In these embodiments, the coprocessor may be required to 
wrap around the end of the history buffer without CPU intervention. 
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[0163] Note that run lists in accordance with the embodiments described immediately do 
not eliminate all need for the coprocessor to be able to fault multiple times on the same context for 
the same reason. One reason for this is that the scheduler generally builds a new run list while the 
coprocessor is busy executing a current run list. Since the scheduler may need to include some 
contexts in the new run list that are already present in the previous run list, it's possible that the state 
of the context being repeated could change between the time it was put in the run list being 
constructed and the time the run list is submitted to the coprocessor. 

LIMITED VS. PRIVILEGED DMA 

[0164] With the introduction of memory protection in the advanced scheduling model, 
DMA buffers sent to the coprocessor may be mostly built by the user-mode driver inside the process 
of the running application. Those DMA buffers may be mapped in the process of the application, 
the user-mode driver can write directly to them, and the kernel driver cannot be validating them. 
DMA buffers might be scribbled on by an application accidentally accessing their virtual addresses 
or on purpose by a malicious application. In order to allow the driver model to remain secure, i.e., 
not allow an application to have access to resources it shouldn't have, DMA buffers built in user 
mode can be limited in what they are allowed to do. In particular, DMA buffers built in can have 
limited functionality in the following exemplary ways: 

1) They can contain only references to virtual address, no reference to physical 
address at all (including fences). 

2) They can not be allowed to contain instructions that would affect the current 
display (for example CRT, Discretionary Access Control (DAC), Technical 
Document Management System (TDMS), Television-Out Port (TV-OUT), Internet2 
(I2C) bus). 

3) They can not contain instructions that would affect the adapter in general (for 
example Phase-Locked Loop (PLL). 

4) They can have limited power management and/or config space. 

5) They can not be allowed to contain instructions that will prevent context 
switching. 

[0165] The exact set of registers that can be programmed in a DMA buffer built in user 
mode will likely vary from hardware to hardware. However, regardless of hardware, registers may 
follow a general rule, namely that such a DMA buffer should only allow rendering operations using 
virtual address references to resources and fences. To provide enhanced security, such DMA buffers 
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can be required to not allow an application to use memory the application shouldn't have access to, 
or that could affect the hardware in some potentially catastrophic and non-recoverable way. 

[0166] In order to prevent DMA buffers built in user mode from accessing certain 
functionality, multiple approaches can be implemented in the coprocessor. The approaches can vary 
depending on the nature of the functionality and whether the functionality needs to be queued in an 
application's coprocessor context stream. Certain privileged operations generally need to be queued 
in a coprocessor context stream that contains both DMA buffers built in user mode (for example 
application rendering) and privileged DMA buffers built in kernel mode (for example queued flip). 

[0167] Functionality that doesn't need to be queued. Most of the privileged 
functionality doesn't need to be queued in an application coprocessor context stream. Functionality 
such as the following does not need to be queued: 

1) Programming CRT timing. 

2) Updating the lookup table for the DAC (note that Programming the DAC LUT 
isn't absolutely required to be a privileged functionality since any application can 
render to the primary screen if it wants to anyway, and reprogramming the Look- 
up Table (LUT) will not allow an application to give a user access to information 
it wouldn't otherwise already have access to. 

3) Programming display output (TDMS, TV-OUT, . . .) 

4) Communicating with child devices/monitors (I2C, . . .) 

5) Programming clock (PLL) 

6) Changing the power state of the coprocessor 

7) Configuring the coprocessor (config space, bios, . . .) 

[0168] This functionality is usually needed following a system event that is completely 
independent of an application rendering stream, (for example boot, resolution changes, pnp detects, 
power management,). As such, this functionality doesn't need to be queued in a particular 
application's coprocessor context. This functionality can be used by the kernel-mode driver itself 
when the specific system event is occurring without any intervention from the user-mode driver. 

[0169] For such functionality, the IHV can decide to make all the underlying registers 
accessible through Memory-Mapped Input-Output (MMIO) only. Since registers are generally 
mapped only into kernel space, it may not be possible for an application or the user-mode driver to 
access them, and therefore the functionality is effectively protected. 

[0170] Another approach would be to implement a per-coprocessor context privilege level. 
With this approach, some contexts would be limited in what they can do while others would not. In 
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that scenario an application's DMA buffer built in user mode would be queued to a limited context. 
On the other hand, the kernel-mode driver would use a privileged context to submit the privileged 
functionality. 

[0171] Functionality that needs to be queued. Since the commands that can be inserted 
in a DMA buffer built in user mode are limited, the advanced model can be implemented to require 
the coprocessor to support both a limited DMA buffer (that is a DMA buffer that respects the 
previous conditions) and a privileged DMA buffer. Privileged DMA buffers are needed in order to 
allow the queuing of privileged functionality along the rendering stream of a coprocessor context. 

[0172] Privileged DMA buffers can contain any of the instructions found in a non- 
privileged DMA buffer. Various preferred embodiments of the invention may implement privileged 
DMA buffers that allow at least allow the following (explained in further detail in later sections): 

1) Insertion of privilege fences 

2) Insertion of flip instructions 

3) Insertion of "no context-switch" regions 

[0173] Furthermore, privileged DMA buffers can program any hardware register that the 
IHV wants and can access both virtual and physical memory if necessary. Privileged DMA buffers 
may not be constructed or visible in user mode. Only a trusted kernel component can access and 
build a privileged DMA buffer. 

[0174] The following section presents three possible ways of implementing privileged 
DMA buffers, and is intended to elucidate the concept of the implementation of privileged DMA 
buffers without limiting the various ways that the invention may be practiced: 

1 . DMA Buffer Built Only in Kernel Mode 

One way of supporting privileged DMA buffers that does not require any special 
hardware support is to require that the actual DMA buffers sent to the hardware 
be built in kernel mode. In that scenario, the user-mode driver would build a 
command buffer that closely resembles a DMA buffer and submit it to the kernel 
mode driver. The kernel-mode driver would validate and copy this command 
buffer into a DMA buffer that is only visible in kernel mode. During the 
validation, the kernel-mode driver would verify that no privileged instructions are 
present. This is similar to the validation that is required by the basic model but 
doesn't require validation for memory access since memory is virtualized. 

2. Inserting Privileged Commands Directly Into the Ring 
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Probably the easiest hardware approach to supporting a privileged DMA channel 
is to insert privileged commands directly into a coprocessor context ring. The 
ring itself is already a privileged channel, accessible only from kernel mode. This 
is depicted in the diagram of FIG. 20. 
3. Specifying Privilege Through Indirection 

A different approach of supporting limited versus privileged DMA buffers in the 
coprocessor is illustrated in FIG. 21. Referring thereto, note that both the Start 
and End addresses can be aligned on a DWORD. The unused bits of the address 
may be reused to specify flags. The first bits of the start address can specify that a 
DMA buffer being redirected to is a privileged DMA buffer. To enhance 
security, privileged DMA buffers can refer to a physical address in supplemental 
memory. Limited DMA buffers can refer to a virtual address in the coprocessor 
context virtual address space. 
[0175] In this approach, a bit in the indirection command may be inserted into the ring 
buffer. The bit indicates whether the DMA buffer being executed is a privileged DMA buffer or 
not. This implies that the ring buffer itself may be referenced by the coprocessor using a physical 
address and may not be visible in the coprocessor virtual address space. Allowing the primary ring 
buffer to be visible in the coprocessor virtual address space would allow a malicious application to 
write over the primary ring buffer and allow it to run commands at the privileged level, which would 
amount to a security violation in most computing environments. In this regard, the privileged DMA 
buffer can be referenced through a physical address and not a virtual address like a limited DMA 
buffer. 

DMA CONTROL INSTRUCTIONS 

[0176] For the scheduler and the supplemental memory manager to track the progression of 
any coprocessor context and control the flow of instructions in the DMA stream of that context, the 
coprocessor may be configured to support the following exemplary instructions in its DMA stream: 

1) Fence (both limited and privileged) 

2) Trap 

3) Enable/Disable context switching 

[0177] Fence. A fence can be an instruction containing both a piece of data (e.g., a 64bit 
piece of data) and an address that can be inserted in the DMA stream. When the instruction is read 
by the coprocessor from the stream, it will cause the coprocessor to write the piece of data 
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associated with the fence at the specified address. Before the coprocessor can write the data of the 
fence in memory, it must ensure that the pixels from the primitives preceding the fence instruction 
have been retired and been properly written to memory already. Note that this does not mean the 
coprocessor needs to stall the entire pipeline. The primitives following the fence instruction can be 
executed while the coprocessor is waiting on the last pixel of the instruction before the fence to be 
retired. 

[0178] While any fence fitting the description above may be used in conjunction with the 
present invention, two types of fences in particular will be further described here: regular fences and 
privileged fences. 

[0179] Regular fences are fences that can be inserted in a DMA buffer created by a user- 
mode driver. Since the content of a DMA buffer comes from user mode, it is not trusted. Thus 
fences within such a DMA buffer can refer to a virtual address in that coprocessor context's address 
space and not a physical address. It goes without saying that access to such a virtual address is 
bound by the same memory validation mechanism as any other virtual address accessed by the 
coprocessor. 

[0180] Privileged fences are fences that can only be inserted in a DMA buffer created (and 
only visible) in kernel mode. Such a fence can refer to a physical address in memory to enhance 
security of the system. If the fence target address is visible in the coprocessor context's address 
space, a malicious application could do a graphics operation over that memory location, thus 
overriding the content of what the kernel-mode code is expecting to receive. Another solution to the 
potential security problem would be to have a privilege bit in the PTE indicating if a virtual address 
can be accessed from a non privileged DMA buffer. However, the first approach, above, is seen as 
simpler for early hardware generation. 

[0181] Note that a privileged DMA buffer can contain both regular and privileged fences. 
However, when a privileged DMA buffer contains a regular fence, it is known to the kernel 
component that generated the DMA buffer that the fence it inserted might never be visible. 

[0182] IHVs may decide to support extra types of fences in order to minimize the number 
of internal buffers that need to be flushed. The following types of fences are exemplary of fences 
that may be supported for this purpose (note that both privileged and non-privileged should be 
supported for all types): 

1. Write Fences 

A write fences can be the type of fence described previously and is the only 
required fence type. A write fence guarantees that all the memory writes before 
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the fence instruction is processed are globally visible (i.e„ they have been flushed 
out of the caches, and acknowledgments have been received from the memory 
controller). 

2. Read Fences 

A read fences is a lighter type of fence similar to a write fence. A read fence 
guarantees that all the memory reads for rendering operations before the fence are 
finished, but some writes may still be outstanding. If read fences are supported, 
the scheduler will use them to control the lifetime of non-render-target 
allocations. 

3. Top of Pipe Fences 

A top-of-pipe fence is a very light weight fence. Support for top-of-pipe fences is 
optional. A top-of-pipe fence guarantees only that the last byte before the fence 
instruction in the DMA buffer was read by the coprocessor (but not necessarily 
processed yet). The coprocessor may not re-read any portion of the DMA buffer 
preceding a top-of-pipe fence after that fence as been processed (since the content 
of that DMA buffer may no longer be valid). If supported, this type of fence will 
be used by the scheduler to control the lifetime of DMA buffer. 
[0183] Trap. A trap may be implemented in various embodiments of the present 
invention. A Trap can be an instruction inserted in a DMA buffer that is capable of generating a 
CPU interrupt when it is processed by the coprocessor. Before the coprocessor can interrupt the 
CPU, it is advisable to ensure that all the pixels from the primitives preceding the trap instruction 
have been retired and properly written to memory (an operation that may include a memory write 
from a fence instruction). Note that this does not mean the coprocessor needs to stall the entire 
pipeline. The primitives following the trap instruction can be executed while the coprocessor is 
waiting on the last pixel of the instruction before the trap to be retired. 

[0184] The trap instruction need not be a privileged instruction and can be inserted in any 
DMA buffer, including those built directly by a user-mode driver. 

[0185] Enable/Disable Context Switching. For hardware that supports sub-triangle 
interruption, an instruction can be provided to enable and disable context switching. While context 
switching is disabled, the coprocessor generally should not switch away from a current coprocessor 
context. While the coprocessor may be required to update its current run list information if the CPU 
provides a new run list, the coprocessor can postpone context switching to that new run list until 
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context switching is re-enabled. The OS can ensure that the following rules remain true when 
context switching is disabled: 

1) Only privileged DMA buffers will be processed. 

2) No context switching instructions will be present in the DMA stream. 

3) The DMA stream will not run out of instruction. 

4) No page faults will occur (if page level faulting is supported). 

[0186] In many computer systems, disabling and enabling context switching are privileged 
instructions that may only be present in privileged DMA buffers. The usage scenario for these 
instructions is to allow the scheduler to schedule an operation that will appear on the screen (i.e., a 
presentation blit) without the possibility of it being interrupted. Being interrupted in such an 
operation could lead to a artifact visible on the screen for a noticeable period of time. 

[0187] Note that if the coprocessor encounters an unforeseen error in the DMA buffer, it 
can context switch away from this DMA buffer even though context switching is disabled. Since 
only DMA buffers built in kernel mode may contain uninterruptible portions, unforeseen errors 
would be the result of a driver bug or a hardware bug. If the coprocessor doesn't context switch 
away in those scenarios, the display watchdog will catch the hang and reset the coprocessor in order 
to recover the system. 

[0188] Optional Control Instructions. While the scheduler can build high level 
synchronization primitives with the simple control instructions described above, the result can be 
made even more efficient. In many computer systems, a coprocessor context is interrupted by the 
CPU before it can take ownership of a synchronization object. If synchronization objects are being 
taken and released at a high frequency, this can become problematic. In order to have more efficient 
synchronization primitives, the scheduler can receive a special instruction from the coprocessor. In 
particular, the coprocessor can be configured to send out a "waif instruction and a "signal" 
instruction at the proper time. 

[0189] A wait instruction is inserted in a DMA stream to inform the coprocessor that it 
may inspect the value of a specified counter. If the counter is non-zero, the coprocessor can 
decrease the counter and continue executing the current coprocessor context. If the counter is zero, 
the coprocessor can reset the instruction pointer of the current coprocessor context before the wait 
instruction and switch to the next context in the run list. When a coprocessor context needs to stop 
on a wait instruction and is later rescheduled, the coprocessor can re-execute the wait instruction 
since it is possible that the wait condition still is not satisfied. 
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[0190] The wait instruction need have only one parameter: a virtual address specifying the 
memory location to be compared/decremented. The counter can be at least 32 bits and can be any 
valid virtual address. In a preferred embodiment, the wait instruction may be non-interruptible; that 
is, if a new run list is given to the coprocessor it can switch to the new run list either before the wait 
instruction or after it is done. Wait instructions can be inserted in both limited and privileged DMA 
buffers. 

[0191] A signal instruction may be inserted in a DMA stream to inform the coprocessor it 
can update the value of a counter. The coprocessor may then increase the value of the counter by 
one. The coprocessor can ignore the potential overflow during the addition. Alternatively, the 
coprocessor could report the overflow as an error in the stream to help track software bugs. 

[0192] The signal instruction need have only one parameter, the virtual address of the 
counter that should be updated. The counter size can be made to match the counter size of the wait 
instruction and, in a preferred embodiment, be at least 32 bits. Signal instructions can be inserted in 
both limited and privileged DMA buffers. 

FLIP 

[0193] To allow full-screen applications to run seamlessly without bubbles in the pipeline, 
the coprocessor can provide an instruction to queue a flip (i.e., a change of the base address of the 
display). The display surface is generally allocated contiguously from physical memory and 
referenced by a CRTC using a physical address, not a virtual address. Therefore, the flip instruction 
can be used to program the CRTC to a new physical address to be displayed. Since this is a physical 
address and not a virtual address, a rogue application could potentially program the CRTC to display 
a portion of supplemental memory (which could contain secrets) that belongs to another application 
or user. For this reason, the flip instruction can be implemented to protect the security of most 
computer systems by ensuring that it is a privileged instruction that is inserted into a DMA stream 
only by the kernel mode driver once the destination has been validated. 

[0194] In various preferred embodiments of the invention that are used in conjunction with 
a flip function, at least two types of flips can be supported: an immediate flip, and a flip synched 
with the display refresh. When the coprocessor processes an immediate flip, it can immediately 
update the base address of the display even though doing so will cause visible tearing. When the 
coprocessor processes a synched flip, it can latch a new base address, but defer its update until the 
next vertical synch period. If more than one synched flip is processed by the coprocessor between 
vertical sync periods, the coprocessor can only latch the latest one and ignore the previous one. 
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[0195] When processing a synched flip, various embodiments may be configured such that 
the coprocessor may not stall the graphics pipeline. The OS will ensure that it does not queue any 
rendering commands in the ring buffer that would draw to a surface that is currently visible. Note 
here that other embodiments may be configured without these requirements, as in the situation of the 
"optimized flip" that will be further explained below. 

[0196] To determine which surface is currently visible, the driver may first be able to 
determine when a particular queued flip has occurred and notify the scheduler of the event, i.e., 
notify the scheduler after the display base address was changed. For an immediate flip, determining 
when the flip occurred is easy because reading the flip instruction from the DMA stream can be 
considered the same event as the display surface being updated. A fence and an interrupt can be 
inserted in the DMA stream following the flip instruction to notify the scheduler that a particular flip 
was read. 

[0197] In the synched flip case, the determination of which surface is currently visible is 
more difficult. The coprocessor will first read the flip instruction from the DMA stream but will 
later update the display surface at the next vsync interrupt. In order to eliminate the need to stall the 
coprocessor during that time, a mechanism can be provided to notify the scheduler when the display 
surface change becomes effective. 

[0198] There are many ways to design a mechanism for such notification for use in 
conjunction with the present invention. One potentially simple approach is illustrated in FIG- 22. 
FIG. 22 provides a way to query the coprocessor about the current display surface. In the illustrated 
embodiment this function may be thought of as provided by a MMIO register. The system of 
FIG. 22 is a design that will lead to greater reliability when the register reads the actual display 
surface, not the latest "latched display surface". Querying the latest latched display surface could 
result in a race condition, with the coprocessor processing another queued flip, which could lead to 
tearing on the screen. A flip instruction can be generated using any appropriate technique. The only 
general requirement for compatibility with the present invention is that the implemented solution 
should ensure that a flip will not be acknowledged until it is effective. 

[0199] Queuing Flip. To provide maximum performance, the advanced scheduling model 
can be modified to queue flip operations in the rendering stream of the application owning the 
monitor. When doing ^-buffering, the scheduler may allow up to n-1 flips to be queued in the DMA 
stream and may block when the n th flip is about to be inserted. 

[0200] What this means is that in double buffering, the scheduler may allow the application 
to queue one flip and let it continue preparing the DMA buffer for the following frame while the 
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coprocessor finishes rendering the current frame and processes/acknowledges that flip. It also 
means that if by the time the application is finished with the preparation of the DMA buffer for the 
following frame and submits a second flip, it can be blocked until the first flip is acknowledged by 
the coprocessor. 

[0201] When immediate flips are used by the scheduler, the mechanics of queuing flips 
works as described above. However, when using synched flips, the scheduler can also take special 
care of DMA buffers that are queued past flip n-1. Indeed, a DMA buffer past that flip will 
generally be rendering to the surface that is currently visible. It is advisable, in most systems, that 
these DMA buffers not be processed until the number of flips currently queued goes back down to 
n-2 or below. 

[0202] The simplest approach to address this problem would be to allow only n-2 flips to 
be queued instead of n-1. However this solution would also mean that in the double buffering case 
we could not queue any flips, so we would need to block the application after each frame is 
completed until the corresponding flip is processed. 

[0203] The preferred approach in this setting is illustrated in FIG. 23. As illustrated, the 
queuing of n-1 flips is allowed. To prevent the DMA buffer queued after flip n-1 from being 
executed, the scheduler can accumulate those DMA buffers in a virtual ring buffer for that 
coprocessor context. The scheduler can wait until the number of currently queued flips goes back 
down to n-2 to submit those to the actual ring of that coprocessor context. 

[0204] When multiple applications are running at once, the coprocessor may not have to 
stall as illustrated in FIG, 23. While the coprocessor generally will stop processing a DMA buffer 
from a particular coprocessor context, the scheduler can schedule other coprocessor contexts to run, 
effectively keeping the coprocessor busy. However, when a single application is running, for 
example when playing a full screen game, the coprocessor can stall during those intervals. The next 
section describes a mechanism that, if supported, will be used by the scheduler to reduce the stalling 
time. 

[0205] Optimized Flip. Trying to optimize for full screen applications, we would like to 
reduce the time the coprocessor takes to stall to a minimum. Looking at FIG. 23, observe that the 
coprocessor can stall for at least two reasons: first, because the frame is completed but the system is 
waiting on a vsync to flip, and second, because the flip is completed, but the system is waiting on an 
interrupt to notify the CPU. 

[0206] To reduce stalling due to the first reason, more buffers can be added to the flipping 
chain. Going from double buffer to triple buffer, for example, will greatly reduce such stalling. 
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Doing so is not always under the driver's control, however, and may result in unreasonable memory 
consumption. 

[0207] To reduce stalling due to the second reason, it is possible to add a coprocessor 
mechanism to completely remove this need to stall The coprocessor can provide a wait-on-flip 
instruction that would stall the coprocessor until the previously queued flip has been processed. 
When such an instruction is supported, the scheduler can use it for full screen applications in order 
to queue flips, and the CPU does not have to restart the DMA stream after each flip. 

HIGH LEVEL SYNCHRONIZATION OBJECTS 

[0208] Using the previously defined control instructions, the scheduler can build high level 
synchronization objects such as critical sections and mutexes. The scheduler can implement such 
synchronization primitives by protecting a section of a DMA buffer from executing until it is 
explicitly rescheduled by the CPU, once the condition for a wait is satisfied. Waiting on an object 
can be implemented, by the scheduler, as a fence. The DMA buffers that would logically follow the 
fence may be queued by the scheduler but not submitted into the ring of the coprocessor context 
until the wait condition is satisfied. Once it is waiting for an object, a coprocessor context may then 
be moved by the scheduler to a wait list on that particular object until it is signaled. Objects can be 
signaled by inserting a fence followed by an interrupt command in a coprocessor context DMA 
stream. When receiving such an interrupt, the scheduler may identify which objects are being 
signaled, and then determine if any waiting coprocessor contexts should be put back in the ready 
queue. When putting a coprocessor context back in the ready queue, the scheduler inserts the DMA 
buffers that were held back from the ring. 

[0209] For example, consider an embodiment of the invention in which an application has 
a surface that is shared between a producer and a consumer, and the application needs to 
synchronize access to the resources so that the consumer always uses valid content while rendering. 
One potential way of synchronizing this scenario is illustrated in the FIG. 24. 

[0210] Turning to FIG. 24, on the scheduler side, the synchronization can be implemented, 
for example, through the following kernel thunks, which may be implemented in any combination or 
in combination with other actions: 

1) CreateSynchronizationObject: Creates a kernel tracking structure for the 
synchronization object. Returns a handle to the object to user mode that can be 
used in subsequent wait/release/delete calls. 

2) DeleteSynchronizationObject: Destroys a previously created object. 
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3) WaitOnSingleObjectAVaitOnMultipleObject: Inserts a wait-on- 
synchronization event into the DMA stream of the current coprocessor context. 
Inserts the event into the scheduler event history with a reference to the object 
being waited on. 

4) ReleaseObject/SignalObject: Inserts a signal synchronization event into the 
DMA stream of the current coprocessor context (fence/interrupt). Inserts the 
event into the scheduler event history with a reference to the object being released 
or signaled. 

[021 1] Applying the illustration of FIG. 24 to a mutex, once the coprocessor processes a 
synchronization event in the DMA stream, the scheduler can perform the following actions, which 
also may be implemented in any combination or in combination with other actions: 

1) On a wait: Check the state of the mutex. If the mutex isn't currently taken, take 
the mutex and put the coprocessor thread back in the ready queue of the scheduler. If 
the mutex is already taken, put the coprocessor thread in the wait queue for the 
mutex. 

2) On a signal: Check if some other coprocessor threads are waiting for the mutex. 
If some other threads are waiting, take the first thread waiting in the list and put it 
back in the ready list of the scheduler. If no threads are waiting, put the mutex back 
in the non-taken state. 

[0212] Using this mechanism, the scheduler can build. For example, consider the 
following types of synchronization primitives that can be built by the scheduler: 

[0213] Mutex: Only one coprocessor thread at a time can have access to a shared resource. 

[0214] Semaphore: A specified number of coprocessor threads can have access to a shared 
resource at the same time. 

[0215] Notification event: A number of coprocessor threads can wait on an signal from 
another coprocessor thread. 

[0216] In some scenarios, an application may be configured to request notification when 
the coprocessor has finished processing a rendering instruction. To support this, the scheduler may 
allow the driver to request a notification for a DMA buffer it is submitting. The driver may then 
specify a CPU synchronization event at submission time that can be signaled once the coprocessor 
has finished with the submitted DMA buffer. The scheduler can insert the given DMA buffer in the 
ring of the given coprocessor context and then add a user-mode coprocessor event notification to the 
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ring (a fence followed by an interrupt). When the coprocessor event gets processed by the 
coprocessor, the scheduler can signal the associated CPU synchronization event. 

SCHEDULER EVENT HISTORY BUFFER 

[0217] The scheduler may use the synchronization mechanism described above for 
multiple purposes. Since interrupts do not stall the coprocessor, the CPU need only see a subset of 
the notifications, and therefore some notifications can be squeezed together. In order to properly 
respond to every notification in a DMA buffer, the scheduler can maintain a history of the events 
that were inserted along with any parameters needed to process those events. 

[0218] The event history buffer may be simply a per-coprocessor context array of event 
information structures that tracks every event which requires scheduler processing and that get 
inserted into a DMA stream of that context. Note that scheduler fences are fences use by a 
scheduler to synchronize an event. . There can be one fence per coprocessor context and, to preserve 
security, the fence can be made to only allow updating through a privileged instruction. In any 
case, such an event may be inserted into a DMA stream as a fence instruction followed by an 
interrupt instruction. 

[0219] On each fence interrupt, the scheduler may first determine the current fence, then 
go through the event history buffer to determine which events have occurred. This determination 
may be made based on the associated fences. The scheduler may proceed to process the fence 
interrupt. FIG. 25 illustrates various embodiments of the event history buffer. 

[0220] Any number of events may be supported. The following table describes some 
currently supported events, but is not intended to limit the number or types of potentially supported 
events. 



Type of Event 



Description and Parameters 



End of DMA 
buffer 



This event is be inserted at the end of a DMA 
buffer. When this event is processed by the 
scheduler, the associated DMA buffer is put 
back into the DMA buffer pool for that 
process. 



Parameters: Handle to the DMA buffer that 
needs to be released to the pool. 



Wait on 

synchronization 
object 



This event is inserted when a coprocessor 
thread needs to check the status of an event 
and potentially wait for it. When the 
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Type of Event 



Signal 

synchronization 
object 



Description and Parameters 

scheduler processes this event, it checks 
whether the wait condition is already 
satisfied, and if so, reschedules the 
coprocessor thread that just stopped. If the 
wait condition isn't satisfied, the coprocessor 
thread is put in the wait state and added to 
the wait queue of the synchronization object. 

Parameters: Handle to the object being waited 
on. 

This event is inserted when a coprocessor 
thread needs to signal a notification object or 
release a synchronization object. When the 
scheduler process this event, it changes the 
status of the object and potentially wakes up 
some coprocessor threads that were waiting 
on the event. 

Parameters: Handle to the object being 
released. 



User mode event 
notification 



This event is inserted when the user-mode 
driver asks for a notification of rendering 
completion. When the scheduler processes 
this event, it signals the associated event. 

Parameters: Event to signal. 



PROGRAMMABLE PCI APERTURE 

[0221] Today's coprocessors are exposing PCI apertures that are very close to the limits 
allowed by the PCI specs. Future generation coprocessor will have more supplemental memory on 
board than can be exposed through an aperture. Therefore, in the future we cannot assume that all 
supplemental memory will be visible through a PCI aperture at the same time. 

[0222] There are multiple ways this limitation can be worked around. A preferred method 
for the advanced scheduling model that supports per-coprocessor context virtual address spaces is to 
use a PCI aperture that can be redirected anywhere in supplemental memory at a 4KB granularity. 
This is depicted in FIG. 26. 

[0223] The PCI aperture page table, as depicted in FIG. 26, can be independent of the 
coprocessor page table. There can be multiple CPU processes running and accessing part of the PCI 
aperture while the coprocessor is itself switching from context to context. The page table for the 
PCI aperture is a shared resource among all coprocessor contexts and would be allocated from 
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supplemental memory. The driver can provide a Map/Unmap DDI to allow the supplemental 
memory manager, VidMm, to manage the PCI aperture address space among running applications. 
The page table for the PCI aperture can be referred to by the coprocessor using a physical address. 

[0224] Note that the PCI aperture may be configured to only redirect the address space to 
local supplemental memory. It doesn't need to redirect the address space to system memory as 
VidMm will always map system memory directly, and not through that aperture. 

PAGE LEVEL FA ULTING 

[0225] While surface level faulting, described previously, can work generally well in most 
cases, there are scenarios where it may be improved upon. For example, using surface level 
faulting, certain applications using very large data sets may not be able to get an entire data set in 
memory at once, and therefore may not function properly. A solution for this that can be 
implemented in the advanced model a page level faulting mechanism. 

[0226] With page level faulting, the model works similarly to what is described in previous 
sections. The major difference is in the way page faulting is reported to and handled by VidMm. 
While surface level faulting may require the coprocessor to specify the entire list of resources it 
needs to make forward progress (in order to eliminate an infinite loop where paging one resources 
means evicting another required one), page level faulting does not need the coprocessor to expose a 
list of virtual address. For page level faulting, the coprocessor needs only report the virtual address 
that faulted. VidMm can find out which allocation this address is part of and decide if only this 
particular page needs to be made resident or if some pre-fetching is required. When multiple pages 
are required by a single pixel, it is possible that multiple faults could be generated for that single 
pixel. It is also possible that a page needed by that pixel could get evicted when another page is 
brought in. However as long as the working set of the application is sufficiently larger than the 
maximum number of pages that might be needed by a pixel, the probability of looping through page 
faults is very small. 

[0227] Finally, it should be understood that the various techniques described herein may be 
implemented in connection with hardware or software or, where appropriate, with a combination of 
both. Thus, the methods and apparatus of the present invention, or certain aspects or portions 
thereof, may take the form of program code (z.e.,, instructions) embodied in tangible media, such as 
floppy diskettes, CD-ROMs, hard drives, or any other machine-readable storage medium, wherein, 
when the program code is loaded into and executed by a machine, such as a computer, the machine 
becomes an apparatus for practicing the invention. In the case of program code execution on 
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programmable computers, the computing device generally includes a processor, a storage medium 
readable by the processor (including volatile and non- volatile memory and/or storage elements), at 
least one input device, and at least one output device. One or more programs that may implement or 
utilize the user interface techniques of the present invention, e.g.,, through the use of a data 
processing API, reusable controls, or the like, are preferably implemented in a high level procedural 
or object oriented programming language to communicate with a computer system. However, the 
program(s) can be implemented in assembly or machine language, if desired. In any case, the 
language may be a compiled or interpreted language, and combined with hardware implementations. 

[0228] Although exemplary embodiments refer to utilizing the present invention in the 
context of a stand-alone computer system, the invention is not so limited, but rather may be 
implemented in connection with any computing environment, such as a network or distributed 
computing environment. Still further, the present invention may be implemented in or across a 
plurality of processing chips or devices, and storage may similarly be effected across a plurality of 
devices. Such devices might include personal computers, network servers, handheld devices, 
supercomputers, or computers integrated into other systems such as automobiles and airplanes. 
Therefore, the present invention should not be limited to any single embodiment, but rather should 
be construed in breadth and scope in accordance with the appended claims. 
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